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ABSTRACT

Impact stratigraphy is an extremely useful correlation tool that makes use of
unique events in Earth’s history and places them within spatial and temporal con-
texts. The K-T boundary is a particularly apt example to test the limits of this method
to resolve ongoing controversies over the age of the Chicxulub impact and whether
this impact is indeed responsible for the K-T boundary mass extinction. Two impact
markers, the Ir anomaly and the Chicxulub impact spherule deposits, are ideal
because of their widespread presence. Evaluation of their stratigraphic occurrences
reveals the potential and the complexities inherent in using these impact signals. For
example, in the most expanded sedimentary sequences: (1) The K-T Ir anomaly never
contains Chicxulub impact spherules, whereas the Chicxulub impact spherule layer
never contains an Ir anomaly. (2) The separation of up to 9 m between the Ir anomaly
and spherule layer cannot be explained by differential settling, tsunamis, or slumps.
(3) The presence of multiple spherule layers with the same glass geochemistry as melt
rock in the impact breccia of the Chicxulub crater indicates erosion and redeposi-
tion of the original spherule ejecta layer. (4) The stratigraphically oldest spherule
layer is in undisturbed upper Maastrichtian sediments (zone CF1) in NE Mexico
and Texas. (5) From central Mexico to Guatemala, Belize, Haiti, and Cuba, a major
K-T hiatus is present and spherule deposits are reworked and redeposited in early
Danian (zone P1a) sediments. (6) A second Ir anomaly of cosmic origin is present in
the early Danian. This shows that although impact markers represent an instant in
time, they are subject to the same geological forces as any other marker horizons—
erosion, reworking, and redeposition—and must be used with caution and applied on
a regional scale to avoid artifacts of redeposition. For the K-T transition, impact stra-
tigraphy unequivocally indicates that the Chicxulub impact predates the K-T bound-
ary, that the Ir anomaly at the K-T boundary is not related to the Chicxulub impact,
and that environmental upheaval continued during the early Danian with possibly
another smaller impact and volcanism.
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INTRODUCTION

The law of superposition—simply stated, that in any undis-
turbed sediment sequence the oldest bed is at the base and the
youngest at the top—has served generations of geologists and
led the advance in understanding Earth’s history. It has remained
the fundamental principle of Stratigraphy in relative age dating,
permitting the reading of any rock record as an ordered sequence
of events from oldest to youngest, regardless of the time period
in which it was deposited, or the nature of events that caused
their deposition. Biostratigraphy is arguably the most reliable
and commonly applied age dating technique in stratigraphy. It
makes use of the fossil record and its unique evolutionary events,
such as species originations and extinctions, unique population
turnovers, and individual species blooms, and ties these to the
paleomagnetic and radiometric records.

As radiometric dating has steadily improved to error bars
of only a few hundred thousand years and scientists have tried
to decipher and date the sequence of critical events in Earth’s
history with ever greater age control, the law of superposition
has remained more relevant than ever. This is particularly so
for major mass extinctions where a sequence of closely spaced
events over a few hundred thousand years may have contributed
to the catastrophic demise of life evident in the fossil record. But
frequently, radiometric dating cannot decipher the order of such
closely spaced events because they may fall within the error limits
of the dating methods. In such cases, the only way to determine
the time sequence of events leading up to the catastrophe—and
hence the potential cause and effect—is the stratigraphic rela-
tionship of these events to each other as seen in the sediments and
fossils within each rock unit that reveal environmental and biotic
effects over time. Stratigraphy and biostratigraphy are thus the
handmaidens of geologic history.

During the last decade, the old law of superposition, and
stratigraphy and biostratigraphy in particular, has come under
attack by what could be called impact exuberance. This new real-
ity is driven largely by the belief that large impacts must cause
catastrophic mass extinctions and that the telltale evidence of
impacts, such as impact breccia, glass spherules, shocked miner-
als, and iridium anomaly, must therefore be coincident in time
with the biotic catastrophe regardless of the sediment layers sep-
arating the impact signals from the mass extinction. The most
egregious example of this impact exuberance is the K-T bound-
ary mass extinction and the Chicxulub impact. The theory that
a large impact caused the mass extinction is widely considered
as substantiated by the iridium anomaly at the K-T boundary,
and the Chicxulub crater is assumed to be the evidence for this
impact. Of course, the association makes sense in theory. But the
ground truth—the sedimentary and stratigraphic record—tells
another story.

In reality, the most continuous K-T sections show a wide
stratigraphic separation between the Chicxulub impact spherule
ejecta layer and the K-T mass extinction and iridium anomaly, as
for example in NE Mexico, Texas, and even the Chicxulub crater
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itself (Keller et al., 2003a, 2004a, 2004b, 2007, 2008). Neverthe-
less, the strong belief in the cause-and-effect scenario, termed
the strong expectation syndrome by Tsujita (2001), has led some
workers to ignore stratigraphic principles. This has resulted in a
variety of imaginative interpretations linking Chicxulub impact
spherules and the K-T mass extinction and iridium anomaly in
a cause-and-effect scenario, including a giant impact-generated
megatsunami, backwash and crater infill, large-scale regional
slumping due to impact-induced earthquakes, and even injec-
tion of layered sediments over wide regions by massive earth-
quakes (e.g., Smit et al., 1992, 1996, 2004; Smit, 1999; Soria et
al., 2001; Lawton et al., 2005; Schulte et al., 2006, 2008). Others
found support for a cause-and-effect scenario in a few deep-sea
sections of the Caribbean where the Chicxulub spherule ejecta
layer and the K-T mass extinction are in close stratigraphic prox-
imity, though associated with disturbed sediments, erosion, and
condensed sedimentation (e.g., Sigurdsson et al., 1997; Norris
et al., 1999, 2000; Klaus et al., 2000; MacLeod et al., 2006). In
effect, interpretations are frequently driven by the strong expecta-
tion syndrome that any sediments between the K-T boundary and
impact ejecta layers must be related to the Chicxulub impact.

This is unfortunate. Impacts are in fact invaluable strati-
graphic tools when used within the context of stratigraphy and
biostratigraphy. In theory, they provide an instantaneous time
horizon in a rock sequence and are correlatable, wherever the
particular impact ejecta layer can be found. This study evalu-
ates impact signals in stratigraphy, their application, pitfalls
and potential with respect to the K-T boundary and Chicxulub
impact events. It addresses the reliability of impact signals as age
markers, the problems of reworked impact ejecta, the continuity
and completeness of the stratigraphic record, and the necessity
of integrating impact signals into the bio-, chemo-, and isotope
stratigraphic records. Examples are drawn from all areas with
reported impact ejecta, including Texas, Mexico, Haiti, Cuba,
Central America, and the deep sea (Fig. 1).

IMPACT STRATIGRAPHY

Impacts occurred throughout Earth’s history with some regu-
larity—small and large impacts, isolated or in clusters—and most
do not coincide with mass extinctions (Fig. 2). Thus, impacts
are not unique by themselves, nor do they generally cause mass
extinctions, but they leave unique impact signals that vary from
iridium anomalies to shocked minerals, Ni-rich spinels, glass
spherules, shatter cones, and suevite breccias. Impacts vary in
the signals they leave behind, but most signals are unsuitable as
stratigraphic markers because of their sporadic occurrences and
limited distributions.

Although frequently ignored, impacts may come in clus-
ters over a period of as little as a couple of hundred thousand
years (Napier, 2001, 2006), as notably documented for the
late Eocene (Keller et al., 1983; Montanari and Koeberl, 2000;
Poag et al., 2002; Harris et al., 2004), K-T boundary (Kelley
and Gurov, 2002; Stewart and Allen, 2002; Keller et al., 2003a),
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Figure 1. Locations of K-T sequences with Chicxulub impact spherule ejecta in the southern United States, Central America, and Caribbean.

Late Devonian (Glikson and Haines, 2005; Ma and Bai, 2002;
Keller, 2005), and Precambrian (Glikson et al., 2004). There-
fore, impact signals in close stratigraphic proximity cannot be
assumed to represent one and the same impact event. This was
first demonstrated by Keller et al. (1983) for the late Eocene
and later confirmed by many studies (review in Montanari and
Koeberl, 2000). The separation of impact signals in close strati-
graphic proximity is therefore an opportunity to decipher the
historical record and evaluate biotic consequences. This is the
promise and potential value of impact stratigraphy.

Impact stratigraphy is part of event stratigraphy that incor-
porates unique short-term historical events, which leave signals
in the sedimentary rocks, into a comprehensive scheme of rela-
tive age from oldest to youngest in any given rock sequence.
The sedimentary and fossil records before and after the impact
signal yield the clues to the environment. Although this seems
like a straightforward application, in fact it is complicated by the
particular sedimentary environment and the completeness of the
sedimentary records. For example, impact signals that are well
separated in high-sedimentation marginal shelf environments are

frequently juxtaposed in condensed sequences of the deep sea
(e.g., Bass River, Blake Nose, Demerara Rise). Hiatuses may
have removed sediments containing the impact signals, and ero-
sion and redeposition of impact ejecta into younger sediments
results in disparate age relationships (e.g., Mexico, Haiti, Belize,
Guatemala). Stratigraphy and biostratigraphy are the primary
tools that can unravel the complex postdepositional history of the
sedimentary record. But to do so, high-resolution biostratigraphy
is necessary.

High-Resolution K-T Biostratigraphy

Planktic foraminifera provide excellent biomarkers for the
K-T boundary transition because they suffered the most severe
mass extinction of all microfossil groups. All tropical and sub-
tropical specialized large species (2/3 of the assemblage) died out
at or shortly before and after the K-T boundary, and their extinc-
tion was followed by the rapid evolution and diversification of
Danian species beginning within a few centimeters of the bound-
ary clay and Ir anomaly in most sequences. Critical biomarkers
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Figure 2. Mass extinctions and impacts during the Phanerozoic. Stratigraphic subdivisions and numerical ages from the 2004 International Com-
mission of Stratigraphy Chart of Gradstein and Ogg (2004). The extinction record is based on genus-level data by Sepkoski (1996) and follows
an earlier compilation by MacLeod (1998, 2003), with some modification based on Hallam and Wignall (1997). The number of impact events
and the size and age of craters follows largely the Earth Impact Database (Grieve, 2005). Modified after Keller, 2005.
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for the K-T boundary clay zone PO include the first appearances
of Parvularugoglobigerina extensa, Globoconusa daubjergensis,
Eoglobigerina eobulloides, and Woodringina hornerstownensis
(Fig. 3). The first appearances of P. eugubina and/or P. longiaper-
tura mark the base of zone P1a, which spans the range of these spe-
cies. Subdivision of this zone into Pla(1) and P1a(2) based on the
first appearances of Subbotina triloculinoides and Parasubbotina
pseudobulloides provides an important additional age control for
the early Danian (Keller et al., 1995, 2002a). Below the K-T bound-
ary, the most important biomarker is the range of Plummerita hant-
keninoides, which marks zone CF1 and spans the last 300 k.y. of
the Maastrichtian (Pardo et al., 1996). Ages for these biozones are
estimated based on paleomagnetic stratigraphy, radiometric dates,
and extrapolation based on average sediment accumulation rates
(Fig. 3). In this study, the stratigraphic evaluation of Chicxulub
impact markers uses the Danian zonation of Keller et al. (1995,
2002a) and the Maastrichtian zonation of Li and Keller (1998a)
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because they provide higher-resolution age control compared with
the zonal scheme of Berggren et al. (1995) and Caron (1985).

Defining the K-T Boundary

The El Kef section of Tunisia was officially designated the
Cretaceous-Tertiary (K-T) boundary global stratotype section and
point (GSSP) at the International Geological Congress in Wash-
ington, D.C., in 1989. The official definition of the K-T boundary
was never published but was summarized in Keller et al. (1995).
The K-T boundary was defined based on (1) a major lithological
change from carbonate-rich Maastrichtian sediments to a black
organic-rich clay layer, called the “boundary clay,” with a thin,
3—4 mm oxidized red layer at the base, (2) an iridium anomaly
largely concentrated in the red layer, (3) the mass extinction in
marine plankton, particularly the extinction of all tropical and
subtropical planktic foraminiferal species nearly coincident with
the base of the clay layer, (4) the first appearance of Danian species
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Figure 3. High-resolution planktic foraminiferal biozonation for the Cretaceous-Tertiary transition used in the stratigraphic analysis of impact
ejecta deposits. Note that this biozonation significantly refines the resolution for the late Maastrichtian zonal scheme by replacing the upper A.
mayaroensis zone by three biozones and by subdividing the P. eugubina zone Pla into two subzones based on the first appearances of P. pseudo-

bulloides and S. triloculinoides. Modified after Keller et al., 2003a.
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immediately (~1-5 cm) above the extinction horizon, and (5) a
2%c—3%o negative shift in §°C values of marine carbonate (Keller
et al., 1995) (Fig. 4). All five have remained remarkably consis-
tent K-T boundary markers in marine sequences worldwide.
Gradstein and Ogg (2004; Molina et al., 2006) recently
introduced a K-T boundary definition that reduced these iden-
tifying criteria to just the “Ir anomaly associated with a major
extinction horizon” (see International Commission on Stratigra-
phy Web site on GSSPs). This is unfortunate because anomalous
Ir concentrations are not unique to the K-T boundary, or may be
absent in K-T sediments, whereas the extinction horizon is minor
in many microfossils and macrofossils (e.g., palynomorphs, dia-
toms, radiolarian, benthic foraminifera, ostracods, ammonites,
bivalves, see review in Keller, 2001; MacLeod, 1998) and highly
reduced in shallow-water environments (e.g., planktic and ben-
thic foraminifera, nannofossils) (Méon, 1990; Keller, 1989; Tan-
tawy, 2003; Culver, 2003). The best results are thus obtained by
using all five criteria. But where this is not possible, the shift in

Keller

8"3C values of marine carbonate is a unique global oceanographic
marker for the K-T boundary and mass extinction horizon, and
the first appearance of Tertiary species relative to the §°C and the
K-T boundary clay appears isochronous globally in shallow or
deep environments.

IMPACT MARKERS

Impact signals are the boutique markers of stratigraphy—
exquisite but rare to find. Out of a variety of potential impact
markers, including iridium and other PGE (platinum group ele-
ments) anomalies, impact glass spherules, shocked minerals,
Ni-rich spinels, shatter cones, suevite breccia, and impact tsu-
nami deposits, only the Ir anomaly and Chicxulub impact spher-
ules are in practice widespread reliable stratigraphic impact
markers. Most other impact signals are at this time unsuitable
because of their sporadic occurrences, disputed origins, and
limited distributions.

2 813C  ridium
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Figure 4. K-T boundary-defining criteria based on the El Kef stratotype. The K-T boundary is defined by (1) the mass extinction of tropical and
subtropical planktic foraminifera, (2) the first occurrence of Tertiary species, (3) the 2%c—3%o drop in 6'*C values marking a global oceanographic
change, (4) a lithological change from the carbonate-rich Cretaceous sediments to a dark organic-rich clay with a red oxidized layer at the base,
and (5) anomalous concentrations of iridium and other PGEs in the red layer and/or boundary clay. Note that Chicxulub impact spherules are not
present at E1 Kef and are not part of the K-T boundary-defining criteria. Modified after Keller et al., 1995.
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Iridium

Stratigraphic Position of Iridium and the K-T Boundary
Anomalous concentrations of iridium were first discov-
ered in the K-T boundary clay in Gubbio, Italy, and linked to an
extraterrestrial impact by Alvarez et al. (1980). Since then the Ir
anomaly has been identified worldwide in K-T clays, coincident
with a 2%c—3%o negative shift in 8'3C values, the mass extinc-
tion of planktic foraminifera, followed by the evolution of the
first Danian species. All of these markers therefore have become
key identifying criteria for the K-T boundary. As noted above,
the K-T boundary is easily recognized in the field by the abrupt
lithologic change from carbonate-rich Maastrichtian sediments
to dark organic-rich clay that is commonly very thin (1-5 cm)
with a thin, 2-4 mm red layer at the base that contains maximum
Ir concentrations (Fig. 4). Today, the presence of an Ir anomaly
in the K-T clay layer is generally considered as (1) key evidence
for a meteorite impact, (2) that it occurred precisely at the K-T
boundary, and (3) that the impact either caused or at least sub-
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stantially contributed to the mass extinction. This rule of thumb
has served well. However, some caution is in order because times
of multiple impacts may produce multiple Ir anomalies (Fig. 2).

Iridium Anomaly in Early Danian Zone Pla

A little-noticed second Ir anomaly has been observed in the
early Danian zone Pla (middle to upper part of the P. eugubina
zone; Fig. 3). This Ir anomaly has been observed to date in Haiti,
central Mexico (Coxquihui), southern Mexico (Bochil), and Gua-
temala (Keller et al., 2001, 2003a, 2003b; Stinnesbeck et al., 2002;
Stiiben et al., 2002, 2005), and also in the Indian Ocean ODP Site
752B (Michel et al., 1991). At Site 752B, the K-T Ir anomaly is
large (~4 ppb), followed by a second Ir anomaly (2 ppb) 60 cm
above it in the P. eugubina zone Pla (Keller, 1993). In the Beloc
sections of Haiti the Ir anomaly is concentrated in a thin red
layer above a 5 cm thick cross-bedded sandstone within subzone
Pla(l) and well above the spherule deposit and K-T boundary
(Fig. 5). The chondrite-normalized PGE pattern indicates a cos-
mic origin with higher Ir values compared to Pt and Pd (Stiiben et
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Figure 5. The K-T section of Beloc 3 in Haiti shows a lithological sequence with two PGE anomalies. The lower Pla(1) Ir anomaly is of cosmic
origin, the upper small Ir and large Pd and Pt anomalies indicate a volcanic origin. The K-T boundary is missing due to erosion. Note that al-
though the Haiti sections are stratigraphically nearly complete (e.g., all zones present except for the boundary clay), the Chicxulub spherules are
reworked within early Danian sediments. Modified after Keller et al., 2001.
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al., 2002). In the same section 50 cm higher up is a second PGE
anomaly in a volcaniclastic layer with a basalt-like pattern (minor
Ir [0.5 ng/g], major Pt and Pd enrichments [7.5 ng/g]) suggesting
a volcanic source.

In Bochil, Chiapas (Mexico), the same pattern of cosmic and
volcanic anomalies was observed (Keller et al., 2003a; Stiiben et
al., 2005) (Fig. 6), although the P1a(1) Ir anomaly is stratigraphi-
cally closer to the K-T boundary due to erosion of the lowermost
Danian. This is indicated by the simultaneous and abundant first
appearance of six Danian species (Parvularugoglobigerina eugu-
bina, P. longiapertura, P. extensa, Globoconusa daubjergensis,
Woodringina hornerstownensis, Chiloguembelina midwayensis).
In Coxquihui, central Mexico, the K-T boundary is marked by a
2 cm spherule layer above a thin silty sandstone that abruptly ter-
minates Maastrichtian marls of zone CF1 (Fig. 7). No Ir anomaly
is present. Abundant Danian species indicative of subzone Pla(1)
are present in the overlying 20 cm of clayey marl and mark a
hiatus, with the boundary clay and lower part of Pla(l) miss-
ing (Stinnesbeck et al., 2002). A 60 cm thick spherule layer with
abundant reworked Maastrichtian species overlies the clayey marl
and indicates that this layer is reworked from Maastrichtian sedi-
ments. In the undisturbed marls above is an Ir and Pd anomaly of
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probable cosmic origin, which marks a Danian impact, similar to
Bochil and Beloc.

Thus, multiple Ir and PGE anomalies of both cosmic and vol-
canic origins may be present in the early Danian, and these could
be mistaken for the K-T Ir anomaly in condensed sequences.
High-resolution biostratigraphic control is therefore vital to
determine the continuity of the sedimentation record and identify
the K-T Ir anomaly. A detailed investigation of Ir concentrations
and their stratigraphic positions at the K-T boundary, the early
Danian, and late Maastrichtian zone CF1 is yet to be done.

Iridium Profiles

Iridium and other PGE anomalies have received much atten-
tion as indicators of extraterrestrial sources, such as asteroids,
comets, cosmic dust, or impact ejecta. This has been justified
on the basis that iridium is highly depleted in Earth’s crust but
enriched in some asteroids and comets and in Earth’s interior,
where it is brought to the surface by volcanic activity. Because it
is assumed that iridium is extruded over a long time period and
therefore likely distributed over broad low plateaus, a sharp peak
in iridium concentrations is generally interpreted as a cosmic
marker. However, a volcanic origin cannot be excluded because
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Figure 6. At Bochil 1 in Chiapas, Mexico, altered glass spherules are present at the base and top of a microconglomerate layer of probable latest
Maastrichtian age. The first marl layer above this microconglomerate contains early Danian P. eugubina subzone Pla(1) planktic foraminifera,
as well as Ir and Pd anomalies. A second Pd anomaly near the Pla(1)-P1a(2) boundary appears to be of volcanic origin, similar to Beloc, Haiti.

Modified after Keller et al., 2003a.
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Figure 7. At Coxquihui in central Mexico, the K-T boundary is
marked by an unconformity above a 2 cm thick spherule layer, which
underlies Danian marls with an abundant Pla(l) assemblage. A
60 cm thick spherule-rich layer with abundant Maastrichtian species
indicates redeposition of the Chicxulub spherule layer in the early
Danian. The Ir anomaly above it appears to be of cosmic origin and
correlates with similar anomalies in Bochil and Beloc. Modified after
Stinnesbeck et al., 2002.

recent studies have shown that Deccan eruptions near the K-
T boundary occurred rapidly (Chenet et al., 2007). Moreover,
sharp peaks may also result from condensed sedimentation,
which must be ruled out by normalizing to elements that are
constantly present in sediments (e.g., Al or Ti). Ir concentrations
at the K-T boundary typically are 1 ppb or more, but smaller
0.5-1.0 ppb concentrations are common. Even smaller concen-
trations (0.2-0.4 ppb) are generally suspect and should be inter-
preted with great caution, as they may result from a variety of
terrestrial processes.

Sawlowicz (1993) discussed a host of processes that could
be responsible for the K-T boundary Ir anomaly and other PGE
concentrations. Although the original K-T Ir anomaly is gener-
ally considered extraterrestrial, postdepositional oxidation and
reprecipitation is a major concern. The K-T red layer consists of
thin iron oxide—stained laminae with common iron oxide spher-
ules highly enriched in Ir and noble metals that probably resulted
from oxidation of primary iron sulfides (Brooks et al., 1985).
Oxidation within this red layer may have caused the degradation
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of PGE-rich organic compounds and precipitation of native met-
als and their alloys (Elliott et al., 1989). Such red oxidized layers
are commonly found at lithologic boundaries. For example, in the
Beloc sections of Haiti, the two early Danian zone Pla(1) Ir and
PGE anomalies are each associated with thin red oxidized layers,
one above a rippled sandstone and the other below a volcaniclas-
tic layer (Fig. 5). A PGE anomaly may result from the removal of
primary components, or in the case of the K-T red layer the addi-
tion of mineralizing solutions to a redox boundary. Sawlowicz
(1993) concluded that the unusually high Ir concentration at the
K-T boundary is probably the result of an extraterrestrial impact
and complex terrestrial processes.

Remobilization at Redox Boundaries

Ir anomalies typically occur in organic-rich shales or clays,
which serve as low-permeability redox boundaries, and are asso-
ciated with sandstones or carbonates. In these sediments Ir can
move both upward and downward at redox boundaries (Gilmore
et al.,, 1984; Tredoux et al., 1988; Sawlowicz, 1993; Wang et
al., 1993). This process may explain the minor (0.2-0.3 ppb)
Ir enrichments within the sandstone complex at El Mimbral in
NE Mexico and Brazos-1 in Texas. At El Mimbral I, the main Ir
anomaly is in the basal Danian clay above the sandstone complex
that infills a submarine channel and coincident with the abrupt
and abundant first appearance of four Danian zone P1a(1) species
(Keller et al., 1994a; Rocchia et al., 1996). Minor Ir enrichment
occurs at the top of the underlying rippled calcareous sandstone
(Fig. 8A). At El Mimbral II, located outside the submarine chan-
nel and ~100 m from El Mimbral I, the sandstone complex is
reduced to the topmost 20-25 cm thick rippled sandy limestone.
At this section, the Ir anomaly begins in the red layer, coinci-
dent with the first appearance of Danian zone P1a(1) species, and
reaches maximum concentrations ~7 cm above (Fig. 8B) (Stin-
nesbeck et al., 1993; Keller et al., 1994a, 1994b). Similar to El
Mimbral I, minor (0.2 ppb) Ir concentrations occur in the under-
lying rippled sandy limestone.

Similarly, at Brazos-1 (Texas) the main Ir anomaly is in a
thin red-brown clay and 1 cm sand layer ~17-19 cm above the
sandstone complex, as noted in three different studies (Ganapa-
thy et al., 1981; Asaro et al., 1982; Rocchia et al., 1996). Two
minor Ir enrichments occur in the sandstone complex below, just
above the calcareous claystone horizon (CCH) and in the lami-
nated sandstone layer above the hummocky sandstone (Fig. 9A).
These minor enrichments are likely due to postdepositional pro-
cesses discussed in Sawlowicz (1993). A photo of the Brazos-1
outcrop with the Ir data superimposed (Fig. 9B) illustrates the
distinct lithologic separation of the main Ir anomaly and the top
of the event deposit.

In Mexico and Texas the minor Ir enrichments in sandstones
below the main Ir anomaly have been interpreted as evidence that
the sandstone complex was generated by an impact tsunami (Smit
et al., 1992, 1996; Hansen et al., 1993; Smit, 1999; Heymann
et al., 1998; Schulte et al., 2006). In this scenario the main Ir
anomaly is interpreted as fallout after deposition of the sandstone
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Figure 8. A: Ir anomaly from Mimbral I, superimposed over outcrop lithology from which it was measured (data from Rocchia et al., 1996). Note
that only minor Ir concentrations occur in the topmost rippled sandy limestone of the sandstone complex, and the main anomaly is coincident
with the abrupt and abundant appearance of Danian planktic foraminifera in the claystone above (Keller et al., 1994a). B: Ir anomaly from Mim-
bral II, measured ~100 m from Mimbral I where the sandstone complex consists only of the topmost 20-25 cm thick rippled sandstone. Note that
the Ir anomaly begins in the K-T red layer above the rippled sandy limestone and reaches maximum values 7 cm above.

complex by a tsunami generated by the Chicxulub impact, an
interpretation that ignores the presence of bioturbated horizons
within the sandstone complex that indicates long-term deposition
(Keller et al., 2003a, 2007; Gale, 2006). A more likely interpre-
tation is postdepositional remobilization. The complex behavior
of iridium and other PGEs in sedimentary environments is still
poorly understood. Therefore, such small anomalies must be con-
sidered with caution and the sedimentary sequences interpreted
based on the integration of geochemical, mineralogical, sedimen-
tologic, and paleontologic data.

Iridium and Chicxulub Impact Spherules?

No iridium anomaly has ever been found in stratigraphic
layers associated with Chicxulub impact ejecta, whether in the
impact crater or spherule ejecta layers, in Texas, Mexico, Haiti,
Belize, or Guatemala (Rocchia et al., 1996; Keller et al., 2003a;
Schulte et al., 2003; Harting, 2004; Stiiben et al., 2002, 2005).
This suggests that the Chicxulub impact was a “dirty snowball”—
type comet without iridium enrichment. However, close strati-
graphic proximity of an Ir anomaly and Chicxulub impact spher-
ules in some terrestrial and deep-sea sections is frequently cited
as unequivocal evidence that the Chicxulub impact is of K-T age

(e.g., Norris et al., 1999, 2000; MacLeod et al., 2006; Morgan et
al., 2006). These claims are examined below.

IMPACT SPHERULES
K-T Boundary Spherules—Not Chicxulub Origin

Several hundred K-T boundary sequences have been stud-
ied to date around the world, and most complete sedimentary
records share the same characteristics: an organic-rich bound-
ary clay with a thin red layer at the base, iridium and other PGE
anomalies usually concentrated within the red layer, a negative
shift in 8"*C (though not in high latitudes; Barrera and Keller,
1994), and the mass extinction of Cretaceous species and evo-
lution of Tertiary species (Fig. 4). In all these sequences only
two types of spherules are common: (1) the tiny iron oxide
spherules, which mostly occur in encrusting clusters or singly
in the red layer or K-T clay; these are highly enriched in Ir and
noble metals that may have resulted from oxidation of primary
iron sulfides (Brooks et al., 1985); and (2) pyrite framboids,
which are very common in the organic-rich clay and are indica-
tive of low-oxygen conditions (Wignall et al., 2005).


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on November 4, 2014

Brazos-1

Kincaid Fm.
Upper Maastrichtian

CF1

Lithology

Impact stratigraphy

Description

Iridium

157

[ridium A

(o
Lol

’_

calcareous clay with shells

1 c¢m tan to rust-colored sand layer
thin {mm) dark clay & Ir anomaly,

CMU

calcareous mudstone with shells

CCH

limestone, nodular, burrows

HCS

lamin. sandy claystone, burrows
hummaocky crossbedded sandstone

SCB

glauconite, shells, spherules, clasts

Chicxulub sph. reworked

BCB

clasts, shell hash, clay mud
undulating erosional surface

Fm.

Corscana |

claystone with shells and
Thalassinoides burrows

anapathy et al., 1981
Asaro et al., 1982

Rocchia et al., 1996

A few sections contain rare clay spherules of ~1-2 mm in
size, often compressed and iron-coated (e.g., Spain [Agost],
Tunisia [El Kef and Elles], Israel [Mishor Rotem]). Smit (1999)
interpreted these K-T clay spherules as altered Chicxulub impact
glass, although they largely consist of glauconite clay. These
spherules are unlike the clay-altered glass spherules character-
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Figure 9. A: At the classical Brazos-1 riverbank section near the Route
413 bridge across the Brazos River, three Ir studies found the anomaly
in a thin red-brown layer and 1 cm sandstone 17-19 cm above the
top of the calcareous claystone horizon (CCH) that forms the top of
the event deposit. The two minor Ir enrichments just above the CCH
within a laminated sandy claystone are likely due to postdepositional
processes. Unit labels from Yancey (1996). BCB—basal conglomerate
bed; SCB—spherulitic conglomerate bed; HCS—hummocky sand-
stone unit; CCH—calcareous clayey horizon; CMU—calcareous mud-
stone unit. B: Photo of the K-T boundary and Ir anomaly at Brazos-1.
Note that the minor Ir enrichment above the calcareous claystone ho-
rizon (CCH) is likely the result of postdepositional processes. Ir data
from Rocchia et al. (1996). Photo courtesy of T. Yancey.

istic of the Chicxulub impact with their internal calcite-filled
air bubbles, and the glass alteration product is a Cheto- or Mg-
smectite clay, rather than glauconite (Keller et al., 2003a, 2003b,
2004a, 2004b, 2007, 2008). No relic impact glass has ever been
detected in the K-T clay, and the clay content is unlike any altered
Chicxulub impact glass. Even in Mexico, no Chicxulub impact
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spherules occur in the K-T red layer and boundary clay (e.g., La
Sierrita, La Parida, El Mimbral)—but they are abundantly pres-
ent below the sandstone complex, which is well below the K-T
boundary, as well as in early Danian sediments above the K-T
boundary (e.g., Haiti, Belize, Guatemala). At this time, the rare
K-T clay spherules largely appear to be of normal sedimentary
origins, though detailed mineralogical and geochemical studies
have yet to be done to compare them to the Chicxulub impact
glass spherules.

Chicxulub Impact Glass Spherules

Chicxulub impact spherules are almost always spherical or
compressed oval, range in size from 1 to 5 mm, and generally
contain multiple air cavities as seen in thin sections (Fig. 10).
Relic glass, and sometimes well-preserved glass spherules and
glass shards can be found in cemented spherule rocks. Spherules
that have been eroded and redeposited generally contain a matrix
rich in clasts, clastic minerals (Fig. 10A—C), and shallow-water
debris (wood, plants, shallow-water foraminifera; Smit et al.,
1992; Keller et al., 1994a). In contrast, spherules and glass shards
from the original ejecta layer are cemented by a calcite matrix
and may show concave-convex contacts that indicate deposition
while still malleable (Fig. 10D-F) or postdepositional compres-
sion alteration. The spherule glass is mostly altered to green clay
(Mg-smectite) with only relic glass preserved. Nevertheless, in
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outcrops the spherulitic texture is preserved because calcite
infills air cavities (Fig. 11). When these samples are washed in
the laboratory the green clay frequently dissolves, leaving the
white calcite spheres. Throughout Central America, the Carib-
bean, around the Gulf of Mexico, southern United States, and
New Jersey, these spherules have the same physical and chemical
characteristics. They are linked to the Chicxulub impact based
on their geographic distribution, *Ar/*°Ar ages close to the K-T
boundary (Sigurdsson et al., 1991; Swisher et al., 1992; Dal-
rymple et al., 1993), and chemical similarity to Chicxulub melt
rock (Izett et al., 1991; Blum et al., 1993; Koeberl et al., 1994;
Chaussidon et al., 1996; Schulte et al., 2003; Harting, 2004).

Stratigraphic Position of Spherule Deposits

Chicxulub impact spherules are excellent stratigraphic mark-
ers in Central America, around the Gulf of Mexico, and in Texas
(Fig. 1), where they are relatively easy to spot in outcrops by their
coarse-grained spherulitic texture and green color (Fig. 11). They
have never been observed in the K-T boundary clay, red layer, and
Ir anomaly. Most studies of the 1990s describe spherule depos-
its in NE Mexico ranging from 5 cm to 2 m thick and directly
underlying a sandstone complex consisting of 1-3 m of sandstone
followed by 1-2 m of alternating sand-silt-marl layers (Figs. 8A
and 8B). These sandstone complexes are commonly interpreted as
impact tsunami deposits because of their stratigraphic proximity

Figure 10. Chicxulub impact spherules from El Pefion, Mexico, as seen in thin sections. A—C: Spherules from the base of the sandstone complex
have a matrix of clastic grains, clasts, and shallow-water foraminifera that indicate erosion from shallow areas and transport and redeposition in
submarine canyons. D-F: Spherules and shards from the original spherule ejecta layer, ~4 m below the sandstone complex, are embedded in a
matrix of calcite cement, which contains no shallow-water debris or clastic grains. Spherules are mostly spherical and range from 2 to 4 mm in
size. Most spherules and glass shards contain multiple air cavities, which is characteristic of Chicxulub impact glass. The cavities are generally
infilled with diagenetic calcite and the glass altered to Mg-smectite.
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Figure 11. Chicxulub impact spherule rock from El Pefion, NE Mex-
ico. Note that the spherulitic texture is largely preserved due to the
diagenetic calcite that infills the spherule cavities. Its green color is
largely due to glass alteration.
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to the overlying K-T boundary (reviews in Smit, 1999; Keller et
al., 2003a, 2003b). They infill submarine canyons, as indicated
by their lenticular bodies of 100-300 m lateral extent. Laterally,
the spherule unit disappears first, followed by the sandstone and
finally the topmost calcareous rippled sandstone (see descriptions
in Keller et al., 1994b; Stinnesbeck et al., 1996; Smit, 1999). The
topmost rippled sandstone unit disappears last and is overlain by
the K-T boundary clay, red layer, and Ir anomaly (e.g., E1 Mim-
bral, La Parida, La Sierrita) (Keller et al., 1994a; Lopez-Oliva and
Keller, 1996; Stinnesbeck et al., 1996). No Chicxulub spherules
have been observed in any K-T boundary clay layers in Mexico.

In the late 1990s a group of M.A. and Ph.D. students from
Princeton and the Universities of Neuchatel, Switzerland, and
Karlsruhe, Germany, undertook detailed field and laboratory
investigations of the spherule and sandstone deposits and the
underlying Maastrichtian sediments over a 50 km? area in NE
Mexico (Lopez-Oliva and Keller, 1996; Lindenmaier, 1999;
Schulte, 1999, 2003; Schilli, 2000; Affolter, 2000; Harting,
2004). Their studies documented over 45 K-T sequences, many
of them with additional spherule layers in pelagic marls of the
upper Maastrichtian, and the stratigraphically lowermost spher-
ule layer up to 9 m below the sandstone complex (Fig. 12) (Keller
et al., 2002b). This complex stratigraphic distribution of spherule
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Figure 12. Stratigraphic and lithologic correlation of late Maastrichtian NE Mexico sections with sandstone complexes and altered Chicxulub
impact spherule layers from Mesa Juan Perez to Mesa Loma Cerca (~8 km) and El Pefion (~30 km from Mesa Loma Cerca; Fig. 1). The silici-
clastic deposits of units 2 and 3 form the top of the mesas as shown by the topographic relief, and the overlying sediments are eroded. In this
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Maastrichtian. Modified after Keller et al., 2002b, scale added.


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on November 4, 2014

160

ejecta in upper Maastrichtian sediments suggests a complex post-
depositional history of erosion, transport, and redeposition. Thus,
an impact ejecta layer cannot be assumed to be the impact time
horizon without careful stratigraphic, biostratigraphic, and litho-
logic examinations of sediments above and below.

Reworked Spherules + Sandstone Complex = Tsunami?

NE Mexico

The most prominent stratigraphic features in K-T sequences
of NE Mexico and Texas are thick sandstone complexes with
Chicxulub impact glass spherules at the base (Fig. 12). These
sandstone deposits underlie the K-T boundary and Ir anomaly.
Because of the stratigraphic proximity of the sandstone depos-
its to the K-T boundary, they have been commonly interpreted
as impact-generated tsunami deposits (e.g., Smit et al., 1992,
1996; Smit, 1999; Soria et al., 2001). This hypothesis has not
held up under scrutiny and has been the topic of significant
controversy. Even before the discovery of the stratigraphically
older spherule deposits in upper Maastrichtian sediments, evi-
dence indicated that rapid tsunami deposition was not likely.
For example, burrows were first discovered at El Mimbral in

Alt.sand
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the alternating sand, silt, and marl layers by Toni Ekdale during
the 1994 NASA-LPI-sponsored field trip (led by Stinnesbeck,
Keller, and Adatte) and subsequently documented as discrete
burrowing horizons (Thalassinoides, Chondrites, J-shaped bur-
rows; Fig. 13) in most sections of NE Mexico. These burrowing
horizons suggest repeated colonization of the ocean floor during
deposition (Keller et al., 1997, 2003a; Ekdale and Stinnesbeck,
1998). In addition, alternating coarse and fine-grained deposi-
tion and two volcanic ash (zeolite) layers indicate interrupted
deposition over an extended time period (Adatte et al., 1996;
Stinnesbeck et al., 1996).

The spherule layer at the base of the sandstone complex yielded
further evidence of long-term deposition. In various sequences,
most prominently at El Mimbral and El Pefion, a 20-cm-thick
sandy limestone with rare spherule-infilled J-shaped burrows sepa-
rates the spherules below the sandstone into two layers (Fig. 13).
This indicates two spherule depositional events separated by suf-
ficient time to deposit the sandy limestone and permit burrowing
by marine invertebrates prior to deposition of the second spherule
layer. The spherule deposits contain shallow-water debris, includ-
ing a matrix of sand, clasts, foraminifera, wood, and leaves, trans-
ported from nearshore areas and carried by currents downslope to
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<t s J-burrows
- i e 2 infilled with spherules

Figure 13. The sandstone complex at El Pefion, NE Mexico, overlies two reworked spherule layers that are separated by a 20 cm thick sandy
limestone. J-shaped burrows infilled with spherules and truncated at the top are present in the limestone and overlying sandstone. Siltstone and
marly layers above the sandstone are intensely burrowed by Chondrites and Thalassinoides. These are not characteristics that would be found in
a tsunami deposit, but rather indicate deposition over an extended time period during which the ocean floor was repeatedly colonized by inverte-

brates. The K-T boundary is eroded at the top of the section.
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their resting place at 500-1000 m depths (Keller et al., 1994a; Ale-
gret et al., 2001). These spherules are thus reworked, transported,
and redeposited—they do not represent the original Chicxulub
ejecta fallout. These data are difficult if not impossible to recon-
cile with a tsunami interpretation, even without the discovery of
the original spherule ejecta deposit in the underlying undisturbed
upper Maastrichtian sediments (discussed below).

Texas, USA

In Texas, along the Brazos River of Falls County and its
tributaries, Cottonmouth and Darting Minnow Creeks, the sand-
stone complex that underlies the K-T boundary and Ir anomaly
is well developed and up to 2 m thick. These deposits have also
been interpreted as of impact tsunami origin (Hansen et al., 1987,
Bourgeois et al., 1988; Smit, 1999; Heymann et al., 1998; Schulte
et al., 2006, 2008). As in Mexico, this interpretation is controver-
sial and has not held up under scrutiny.

Lithology

Yancey (1996) described the units of the sandstone complex
from the base upward as basal conglomerate, a spherule-rich
conglomerate with glauconite, clasts, phosphate and shell hash,
a hummocky cross-bedded sandstone, rippled and laminated
sandstones, and a calcareous mudstone at the top. He suggested
the term “event deposits” for this sandstone complex, though in
this study, as in NE Mexico, we will keep the term “sandstone
complex” to describe these deposits. Gale (2006) and Keller et
al. (2007, 2008) suggested that the stratigraphic discontinui-
ties, multiple burrowed horizons, and alternating low- and high-
energy depositional regimes of these deposits suggest seasonal
storms, rather than an impact tsunami, and deposition during a
low sea level.

An excellent sandstone complex was recovered in the
recently drilled new core Mullinax-1, drilled near the classic
Brazos-1 section. In this core, the spherules at the base of the
sandstone deposit show three upward-fining units rich in impact
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Unit 1: upward fining spherule-rich
sandstone lithified,overlies coarse,
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with white carbonate grains, shale and
phosphatic clasts, shell fragments,
glauconite and reworked Chicxulub
impact spherules.

including phosphatic clast and
clasts with cemented spherules
and spherule lenses. These
indicate that Chicxulub impact
spherules must have been
eroded from an older deposit
and redeposited.

Figure 14. Sandstone complex recovered from core Mullinax-1, drilled near the Brazos River Route 413 bridge. The sandstone deposit shows
three upward-fining, spherule-rich units grading into laminated fine sandstone layers. A strongly burrowed hummocky cross-bedded unit over-
lies the spherule-rich layers. The top of the sandstone deposit consists of a laminated clayey calcareous mudstone. This sequence is difficult to
reconcile with an impact tsunami interpretation. Modified after Keller et al., 2007.
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spherules, glauconite, phosphate, shell hash, and claystone clasts,
which grade into finer laminated sandstones without spherules in
units 1 and 2 (Fig. 14). This sequence indicates erosion, transport,
and redeposition of spherules rather than the original ejecta fall-
out. Unit 3 is truncated by erosion and overlain by a hummocky
cross-bedded sandstone (HCS) that is strongly bioturbated with
large burrows infilled with dark mudstone and truncated at the
top. Light and dark gray laminated silty mudstones drape over
the erosion surface and contain small burrows of Chondrites.

This sequence indicates that deposition occurred in a shal-
low submarine canyon during the early transgressive systems
tract (TST). The three upward-fining spherule-rich sandstone
layers suggest a debris flow origin (tempestites) with erosion,
transport, and redeposition of older sediments, whereas the HCS
and overlying swaley and planar laminations mark decreasing
hydrodynamic conditions (Keller et al., 2007).

In outcrops where the sandstone complex is well developed
and overlies the scoured base of submarine canyons, a basal
conglomerate bed is present of locally derived clasts from the
underlying mudstone (Fig. 15A). These lithified mudstone clasts
consist of hemipelagic facies and contain latest Maastrichtian
planktic foraminiferal assemblages and well-preserved glass
spherules (Figs. 15B and 15C). The glass spherules frequently
infill fractures, or cracks, which may be rimmed by secondary
sparry calcite (Fig. 15B), then truncated and followed by normal
sedimentation. This suggests complex diagenetic processes and

spherules in
sandstone complex 1 C

AN

Keller

possible emergence prior to erosion and transport. These clasts
with impact spherules provide unequivocal evidence of the exis-
tence of an older spherule ejecta layer, which was lithified and
subsequently eroded, transported, and redeposited at the base of
the sandstone deposit. In contrast, the spherules in the sandstone
complex are embedded in a matrix of sand, marl clasts, glauco-
nite, and shell fragments (Figs. 15D-15F).

Original Impact Spherule Layer

NE Mexico

Stratigraphic, lithologic, mineralogic, and paleontologic
investigations of the spherule layers at the base of the sand-
stone complex in NE Mexico revealed these as reworked and
redeposited from older sediments. In contrast to Texas, depo-
sition occurred in an upper slope environment at a depth of at
least 500 m (Keller et al., 1994a, 1994b; Alegret et al., 2001).
Recently, Loma Cerca and El Pefion, which are 30 km apart,
revealed the stratigraphically oldest spherule layer 8—10 m and
4-5 m, respectively, below the reworked spherule layers at the
base of the sandstone complex (Figs. 1 and 12). The Loma Cerca
section was discussed in Keller et al. (2002b), and only a brief
summary is given here. The stratigraphically oldest spherule
layer, which is between 9.5 and 10 m below the sandstone com-
plex, is dense with spherules, some marl clasts, and foramin-
ifera, but no sedimentary influx from shallow areas. Nearly 2 m

Figure 15. Spherules in mudstone clasts (A) from the basal conglomerate bed of the sandstone complex contain Chicxulub impact spherules. B
and C: Some spherules infill cracks rimmed by sparry calcite and are truncated by erosion. Inset in B shows morphology of crack and total length
of ~2 cm. In contrast, spherules at the base of the sandstone complex are embedded in a matrix of sand, glauconite, and shell fragments (D-F).
These clasts and spherule-rich sandstones reveal the history of Chicxulub ejecta fallout, including lithification well prior to exposure to erosion,

transport, and redeposition at the base of the sandstone deposit.
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of marls with rare spherules and normal planktic foraminiferal
assemblages overlie this spherule layer. Above it are two 50 cm
thick spherule layers with upward-decreasing spherule abun-
dance, some angular marl clasts, and anomalous peaks in robust
species (e.g., globotruncanids and benthic foraminifera), which
suggest reworking and redeposition.

Princeton students discovered the stratigraphically oldest
spherule layer at El Pefion in upper Maastrichtian marls more
than 4 m below the two spherule layers at the base of the sand-
stone complex (Fig. 16). Preliminary studies show an erosional
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base overlain by marl clasts and dense spherules cemented in
calcite (10-20 cm thick; Figs. 10C and 10D) and followed by
marls with decreasing spherule abundance. Four such units can
be recognized in the 1.8 m thick deposit. No shallow-water fos-
sils, wood, or plant debris, similar to the spherule deposits at the
base of the sandstone complex, are present, which suggests that
reworking and transport was more local. Between the top of this
spherule deposit and the two reworked spherule layers at the base
of the sandstone complex are ~4 m of normally bedded pelagic
marls with no apparent disturbance (Fig. 16). The absence of
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Figure 16. Composite El Pefion litholog showing the classic sandstone deposit with two reworked spherule layers at the base, and 150 m away,
the newly discovered original Chicxulub impact spherule deposit near the base of zone CF1 about 4 m below the sandstone unit. A: Trenched
sequence from below the sandstone unit to the original spherule deposit. Note that debris cover prevented uncovering the base of the sandstone

unit. B: Base of original spherule ejecta layer.
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structural disturbance of the sediments and presence of normal
latest Maastrichtian microfossil assemblages indicate that these
spherule layers represent the stratigraphically oldest and origi-
nal Chicxulub spherule ejecta. Biostratigraphically, this spherule
layer was deposited near the base of zone CF1 and thus predates
the K-T boundary by ~300,000 yr.

Some workers suggested that the spherule layers in the upper
Maastrichtian marls are due to large-scale earthquake-induced
slumps and margin collapse (Soria et al., 2001; Smit et al., 2004)
(see also Chicxulub Debate, http://www.geolsoc.org.uk/template.
cfm?name=NSG1). However, the only evidence for structural
disturbance is rare small-scale (<2 m) slumps within the upper
reworked spherule layer (Keller and Stinnesbeck, 2002). In the
shallow La Popa basin northwest of Monterey, Mexico, Lawton
et al. (2005) described valley-like deposits as tsunami backflow,
though this speculation finds little support in the sedimentary
record (see Keller and Adatte, 2005; Stinnesbeck et al., 2005).

Brazos River, Texas
The original Chicxulub impact spherule layer was recently
also discovered along the Cottonmouth Creek (CM) tribu-

Keller

tary of the Brazos River, Falls County, Texas, where it is best
exposed below a small waterfall over the sandstone complex
(Fig. 17A). At this locality, the sandstone deposit with its
reworked spherules at the base is 40 cm below the K-T bound-
ary. About 40-60 cm below the base of the sandstone deposit
with its reworked spherules is a 3 cm thick yellow clay layer
that consists of 100% Mg-smectite, or cheto-smectite, which
is derived from weathering of glass (Fig. 17B) (Keller et al.,
2007). Geochemical analysis of the smectite phases from the
spherule-rich sandstone reveals the same cheto-smectite high
in SiO, (66%-71%), ALO, (19%-20%), FeO (4.4%—4.8%),
and MgO (2.8%-3.3%) with minor K,O (1%—1.1%) and NaO
(<0.5%). This composition is very similar to the altered smec-
tite rims from glass spherules in Haiti, Belize, Guatemala, and
Mexico, which indicates a common origin from altered impact
glass spherules (Elliott, 1993; Debrabant et al., 1999; Stiiben et
al., 2002; Keller et al., 2003b). Relic glass fragments within the
yellow clay and clay altered glass spherules from the base of
the sandstone deposit (Fig. 15) have the same chemical com-
position, revealing their common origins (Keller et al., 2007,
2008). This provides very strong evidence that the yellow clay

Figure 17 (continued on following page). A: In Cottonmouth Creek near the waterfall, outcrops show the stratigraphic separation between the
Chicxulub impact spherule ejecta layer now altered to Cheto smectite (yellow clay layer) and the sandstone complex 60 cm above. The K-T

boundary is about 40 cm above the top of the sandstone complex.
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Figure 17 (continued). B: Cottonmouth Creek (CM) tributary of the Brazos River, Falls County, Texas. The sandstone deposit and, 40 cm below,
the original Chicxulub impact spherule layer, now altered to yellow clay. The K-T boundary is 40 cm above the event deposit. The yellow clay
consists of 100% Mg-smectite (cheto), indicative of altered Chicxulub impact glass; relic glass shows Chicxulub amphibolite composition. Ab-

breviations as in Fig 9A. Modified after Keller et al., 2007.

layer represents the original Chicxulub impact ejecta layer
now altered to cheto-smectite. The stratigraphic position of
this yellow clay layer near the base of zone CF1 is consistent
with observations in NE Mexico and the Chicxulub crater core
Yaxcopoil-1 (Keller et al., 2003a, 2004a, 2004b).

Age of Original Spherule Layer

The age of the stratigraphically oldest spherule layer can
be determined from biostratigraphy. In the Brazos sections, as
well as Loma Cerca and El Pefion in NE Mexico, the oldest
spherule layer is near the base of planktic foraminiferal bio-
zone CF1 (Plummerita hantkeninoides), which marks the last
300 k.y. of the Maastrichtian (Pardo et al., 1996). Similarly, the
impact breccia in the Chicxulub crater core Yaxcopoil-1 under-
lies biozone CF1 (Keller et al., 2004a, 2004b). The evolution-
ary first appearance of P. hantkeninoides is thus an excellent
biomarker for the age of the Chicxulub impact. This biomarker
corresponds to within the lower part of nannofossil zone CC26
(Micula prinsii), which spans the last 450 k.y. of the Maas-

trichtian, and the lower part of paleomagnetic Chron 29R.
The stratigraphic position and biostratigraphy thus place the
Chicxulub impact in the uppermost Maastrichtian, ~300,000 yr
below the K-T boundary.

This stratigraphic interval coincides with the rapid global
warming that began ~450 k.y. prior to the K-T boundary and is
attributed to Deccan volcanism (e.g., Kucera and Malmgren,
1998; Li and Keller, 1998b; Abramovich and Keller, 2003;
Nordt et al., 2003). The climate warming follows the maximum
cooling of the Maastrichtian, which culminated 500 k.y. prior
to the K-T boundary and was associated with a major sea-level
fall and widespread erosion. Both of these climatic events are
easily identified in the stratigraphic record by paleontologic,
stable isotopic, and sedimentologic analyses. Deposition of the
sandstone complex coincides with the sea-level fall that fol-
lowed the end of the global warming, ~100-150 k.y. before the
K-T boundary. This sea-level fall resulted in widespread ero-
sion, transport, and redeposition of the spherule layer exposed
in nearshore areas.
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Chicxulub Spherules in Danian Sediments

Cuba, Haiti, Belize, Guatemala, and Central Mexico

Fieldwork in Cuba, Haiti, Belize, Guatemala, and central
Mexico (Fig. 1) has yielded further stratigraphic evidence that
the spherule deposits in these areas are reworked and redeposited
in early Danian sediments. In central Mexico (Coxquihui) a2 cm
thick altered glass spherule layer truncates the K-T unconformity,
but a 60 cm thick spherule layer is in the Danian subzone Pla(1)
(Fig. 7) (Stinnesbeck et al., 2002). In Bochil, Chiapas (Mexico),
spherules are present in microconglomerates of the upper Maas-
trichtian, as well as in the early Danian subzone Pla(l) (Fig. 6).
In Guatemala (Stinnesbeck et al., 1997) and Belize the K-T
boundary is marked by a major unconformity with spherules and
late Maastrichtian species reworked into 2—6 m of early Danian
zone Pla(l) sediments, which overlie Maastrichtian platform
limestone or limestone breccia (summary in Keller et al., 2003b).
An Ir anomaly is present in a clayey marl in the early Danian
zone Pla(1) (Fig. 18).

In Haiti, tectonic activity resulted in two K-T transitions
stacked above each other, with the most commonly studied K-T
boundary and spherule layers exposed in road cuts, and the less
known, but more complete K-T sequences exposed on the slope

Keller

~30 m below the road (Keller et al., 2001). In these outcrops a
5-10 cm thick spherule-rich layer with early Danian zone Pla(1)
planktic foraminifera and zone NP1a nannofossils directly over-
lies the K-T unconformity, and additional 2—4 cm thick spher-
ule layers and spherule clasts are interspersed in the overlying
50 cm with an Ir anomaly above a rippled sandstone (Figs. 5 and
19). This spherule distribution pattern and Ir anomaly in early
Danian sediments has led some workers to interpret a K-T age
for the Chicxulub impact, arguing that “megaseiches” from the
Chicxulub impact and subsequently seiches developed from tec-
tonic adjustments resulted in the observed spherule redeposition
(Aguado et al., 2005; Maurrasse et al., 2005). This interpreta-
tion is in conflict with the presence of early Danian species that
evolved after the K-T boundary event, the apparently long-term
and repeated reworking and redeposition pattern through the
early Danian, and the distinct Ir anomaly in subzone Pla(1) well
above the K-T boundary.

In Cuba, Alegret et al. (2005) documented the Loma Capiro
section near Santa Clara. In the same area, Stinnesbeck, Adatte,
and Keller analyzed the Santa Clara section where exposure
of the breccia is limited to the top 10 m (Fig. 20). The two
sequences are complementary, but there are some differences in
the breccia and overlying Danian. In the Loma Capiro section,
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Figure 18. Litho- and biostratigraphy of the Belize and Guatemala K-T sequences from shallow platform environments in the north to deeper
outer shelf and upper slope sequences in the south and Guatemala to the west (modified after Keller et al., 2003b). A major unconformity marks
the K-T boundary, and all spherule deposits are reworked into early Danian sediments. An Ir anomaly is present in zone Pla(l) in the Actela

section of Guatemala.
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Figure 19. Litho- and biostratigraphy of the Beloc, Haiti, K-T sequences (modified after Keller et al., 2001). All spherule-rich deposits are re-
worked into early Danian zone P1la(1), as indicated by the presence of early Danian index species and reworked Cretaceous species. An Ir anom-
aly of cosmic origin is present above the spherule-rich sediments and a Pd anomaly of volcanic origin is present at the P1a(1)-Pla(2) boundary.

the breccia consists of an upward-fining megabreccia, followed
by an upward-fining microconglomerate and topped by upward-
fining sandstone with spherules at the top. In the Santa Clara
section, the upward-fining microconglomerate and sandstone
are absent. An undulating erosion surface with the depressions
filled by altered glass spherules marks the top of the megabrec-
cia. About 5 cm above this unconformity is a 1 cm thick spher-
ule layer in marlstone. The overlying Danian sequence appears
to be the same in both sections, consisting of clayey siltstone
or marlstone with sand layers. Alegret et al. (2005) recognized
upper zone Pla (or Por) assemblages above the unconformity and
estimated that a hiatus spans zone PO and most of Pla. At Santa

Clara, the presence of rare small P. eugubina in an assemblage
of Subbotina triloculinoides and Parasubbotina pseudobulloides
marks this interval as the upper part of zone Pla, or P1a(2), in
agreement with Alegret et al. (2005).

The breccia contains reworked Maastrichtian species,
including the zone CF1 index Plummerita hantkeninoides. Ale-
gret et al. (2005) argued that the presence of this species in the
breccia excludes a pre-K-T age for the Chicxulub impact. How-
ever, this is not the case because in NE Mexico and Texas the
original Chicxulub impact ejecta layer is near the base of zone
CF[—indicating that the impact occurred after the first appear-
ance of P. hantkeninoides. This suggests that breccia formation is
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Cuba, Loma Capiro, Santa Clara
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Figure 20. Litho- and biostratigraphy of the Cuba K-T sequences near Santa Clara. The Loma Capiro section (modified after Alegret et al., 2005)
has a more expanded breccia complex than the Santa Clara section. In both sections, Chicxulub spherules are present at or above the unconfor-
mity between the breccia complex and the overlying Danian sediments. The early Danian zones PO and P1a(1) are missing at the unconformity.

no older or younger than the base of zone CF1, similar to the age
of the impact breccia in Yaxcopoil-1 (Keller et al., 2004a, 2004b).
The stratigraphic position of the spherules at the top of the sand-
stone unit in Loma Capiro and in the Danian zone Pla above the
unconformity in the Santa Clara section indicates reworking and
redeposition and does not support a K-T age for the Chicxulub
impact, as suggested by Alegret et al. (2005).

The Cuba and Haiti spherule distribution patterns are similar
to those observed in Belize and Guatemala and represent post-
depositional erosion and redeposition during the early Danian.
These Central American sequences illustrate the danger of basing
interpretations on regional observations that may reflect special

marine settings (e.g., shallow platform limestones) or tectonic
activities that resulted in incomplete sequences. These sections
must be interpreted within the context of the more complete and
high-sedimentation deepwater sequences of NE Mexico and the
shallow-water sequences in Texas.

Chicxulub Spherules and Ir Anomaly in Stratigraphic
Proximity

Advocates for a K-T age of the Chicxulub impact frequently
point to the stratigraphic proximity of spherules and an Ir anom-
aly in terrestrial sequences of the continental United States and


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on November 4, 2014

Impact stratigraphy

some deep-sea marine sequences (e.g., Blake Nose, Bass River,
Demerara Rise) as unequivocal evidence that Chicxulub caused
the K-T mass extinction (Olsson et al., 1997; Norris et al., 1999,
2000; Klaus et al., 2000; MacLeod et al., 2006). Ditferential set-
tling of iridium and spherules, estimated at a few hours to days,
is often used to explain the proximity of the Ir anomaly at or a
few centimeters above the spherule layer in the deep-sea and ter-
restrial sequences. This argument is plausible only if there is no
inverse grading in the spherule layer and no disconformity due to
erosion and/or nondeposition—features that are evident at Blake
Nose, Bass River, and Demerara Rise.

Stratigraphic proximity of the Ir anomaly and spherule layer
alone is no proof for a cause-and-effect relationship, particu-
larly in the deep-sea and terrestrial records, where sedimentary
sequences tend to be incomplete due to erosion or condensed
sedimentation. Deep-sea marine sequences must be interpreted
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with caution, as they contain almost invariably less complete
sedimentation records than continental shelf sequences. This is
because the sedimentation rate is higher on shelves due to ter-
rigenous influx, whereas erosion is higher in the deep sea due to
intensified current circulation during climate cooling and lower
sea levels, such as during deposition of the latest Maastrichtian
zone CF1 sandstone deposits.

Blake Nose, Western North Atlantic

Perhaps the most commonly cited example for a cause-and-
effect relationship between impact and Ir anomaly is Blake Nose
ODP Site 1049 (Sigurdsson et al., 1997; Norris et al., 1999, 2000;
Klaus et al., 2000; Martinez-Ruiz et al., 2002). At this locality, a
15 cm thick spherule layer disconformably overlies slumped car-
bonate ooze of upper Maastrichtian age (Fig. 21). The spherule
layer is graded and contains clasts of limestone, dolomite, chert,
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Figure 21. Litho- and biostratigraphy of ODP Site 1049A, Blake Nose, western North Atlantic (modified after Norris et al., 1999). Note that this
section contains a highly condensed K-T transition that is disturbed, burrowed, mixed, and incomplete. The juxtaposition of the spherule layer
and Ir anomaly in this sequence permits no conclusion as to the precise timing of the Chicxulub impact.
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and schist, which indicate reworked and transported sediments.
Above it is a 3 mm thick limonitic layer followed by a 3—4 cm
thick dark gray mottled and bioturbated ooze that contains abun-
dant quartz, limestone chips, Cretaceous foraminifera, 48% of
the Danian species Parvularugoglobigerina eugubina, and an Ir
anomaly (1.3 ppb). The presence of quartz, limestone chips, and
Cretaceous foraminifera indicate that this layer is also reworked.
Norris et al. (1999) concluded that the basal Danian zone PO (e.g.,
boundary clay) is absent. Nevertheless, they interpreted this mot-
tled and disturbed interval as a complete sedimentary sequence
and unequivocal evidence that the Chicxulub impact is the K-T
boundary event.

To justify this conclusion, they explained the absence of the
boundary clay zone PO by arguing that it does not exist in the deep
sea (Norris et al., 1999). They based this conclusion on their anal-
ysis of the K-T clay at the El Kef stratotype section, stating that
they found rare tiny P. eugubina at the base of the clay layer where
no others had detected them. However, the specimen they show
is large (80 um, whereas the first specimens are usually <63 pm;
Keller et al., 1995, 2002a), well developed, and known to occur
much later in its evolutionary history, which suggests contamina-
tion or mixing probably by bioturbation. Without further evidence,
Norris et al. (1999) speculate that zone PO may be an artifact of rare
occurrence of P. eugubina in shallow-water sequences, whereas in
deep waters this species would be more common. They conclude
that if PO is interpreted as a shallow-water biofacies—and hence
absent in the deep—then “the deep-sea sites are biostratigraphi-
cally complete and can be used to describe events immediately
surrounding the impact event” (Norris et al., 1999, p. 421). This
argument does not take into account that El Kef, deposited in
300-500 m depth, is not a shallow-water sequence, and that the
K-T boundary clay, or zone PO, has been documented in deep-sea
sequences worldwide beginning with the Gubbio section in 1980
and in NE Mexico localities in the 1990s.

The stratigraphic and sedimentary record of Site 1049A pro-
vides evidence for a simpler interpretation (Fig. 21). The close
stratigraphic proximity of the spherule layer and Ir anomaly is
marked by discontinuity, nondeposition, erosion, and redeposi-
tion. For example, after spherule deposition the 3 mm limonitic
layer marks a period of condensed sedimentation or nondeposi-
tion. Above it, the 3—-5 cm burrowed mottled dark and light ooze
indicates slow deposition with abundant burrowing organisms
during a time of erosion, transport, and redeposition. The high
abundance (48%) of P. eugubina in the 58—-61 cm interval overly-
ing the spherule layer (this study) marks a hiatus with the early
part of zone Pla(l) missing. In condensed, burrowed, mixed,
and incomplete sequences, it cannot be determined whether the
Ir anomaly and well-developed P. eugubina represent the K-T or
second Danian Pla(1) Ir anomaly of the region (discussed above).
The main point here is that the juxtaposition of the spherule layer
and Ir anomaly in Site 1049 provides no proof of cause and effect,
but appears to be an artifact of a condensed and incomplete strati-
graphic record that permits no conclusion as to the precise timing
of the Chicxulub and K-T events.

Keller

Demerara Rise, Western North Atlantic

ODP Leg 207, Site 1259, on Demerara Rise recovered a K-T
transition similar to Site 1049 on Blake Nose. The K-T transition
was recovered in four closely spaced holes, each with an ~2 cm
thick spherule layer separating Cretaceous chalk from overlying
Paleogene claystone. MacLeod et al. (2006) described the lithol-
ogy of Hole 1259B, but provide Ir and biostratigraphic data from
1259C, where an Ir anomaly of 1.5 ppb coincides with the very
top of the spherule layer and high values (0.5-0.7 ppb) persist
over 15 cm of the claystone (Fig.22), which suggests mixing
of the original signal. They report very low-diversity (five to ten
species) late Maastrichtian zone CF1 assemblages, indicating
high-stress conditions. A similar assemblage is present in the
spherule layer. A thin section of the basal clay above the spherule
layer shows an assemblage dominated by Guembelitria cretacea,
which is characteristic of high-stress conditions after the mass
extinctions, as well as shallow water or restricted basin environ-
ments of the latest Maastrichtian (Keller, 2002; Keller and Pardo,
2004). Therefore, this interval can only be questionably assigned
to PO on the basis of abundant Guembelitria. The first Danian
species are reported 6 cm above the spherule layer and mark the
Parvularugoglobigerina eugubina Pla(1) zone (MacLeod et al.,
2006), though the presence of Chiloguembelitria crinita indi-
cates that this is not the basal part of this zone. Thus, the position
of the spherule layer stratigraphically separates Cretaceous and
Paleogene sediments, but the continuity of sedimentation and the
history of spherule and Ir deposition are in doubt.

MacLeod et al. (2006, p. 10) argue that the K-T bound-
ary should be placed at the base of the spherule layer, because
this is in agreement with the impact signals (e.g., spherules,
shocked quartz, Ir anomaly) at the El Kef stratotype and shows
that the Chicxulub impact defines the K-T boundary. They inter-
pret the juxtaposition of the Ir anomaly and spherule layer as
unequivocal evidence that the Chicxulub impact defines the K-T
boundary (p. 12) and demonstrates “first-order agreement with
the predictions of the impact hypothesis” recording the history
“within minutes of the impact.” There are major problems with
this interpretation.

For example, there are no Chicxulub-type spherules at the
El Kef stratotype, and no Ir anomaly has ever been recorded in
association with the Chicxulub spherule layers. The juxtaposi-
tion of spherules and Ir anomaly has only been reported from the
condensed and apparently incomplete deep-sea sections on Blake
Nose, Bass River, and Demerara Rise. In areas of high sedimen-
tation rates and thick (~2 m) spherule layers (e.g., NE Mexico
and Brazos River, Texas), the K-T Ir anomaly and Chicxulub
spherule layers are well separated by 2-9 m of undisturbed marls
or claystones (Figs. 14, 16, 17). This suggests that the juxtaposi-
tion of the two impact signals on Demerara Rise is an artifact of
a condensed and incomplete sedimentary record. Another poten-
tial problem is the inverse grading and soft-sediment deformation
(e.g., fine-grained white layers at the base of the spherule layer
followed by upward-fining spherules; Fig. 22), which MacLeod
et al. (2000) interpreted as dewatering and resuspension of fines
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Figure 22. Litho- and biostratigraphy of ODP Site 1259, Demerara Rise, western North Atlantic (modified after MacLeod et al., 2006). Note
that this section is very similar to Blake Nose Site 1049, though has the latest Maastrichtian zone CF1 present. Although the spherule layer and
maximum Ir concentrations followed by the first Danian species place this impact ejecta at or near the K-T boundary, lithological characteristics
indicate condensed sedimentation and redeposition (inverse grading), which allows no conclusion as to the timing of the Chicxulub impact.

as a result of seismic shaking within 15 min of the impact. An
alternative explanation is reworking and resettling of sediments
during intensified current circulation associated with the end-
Maastrichtian global cooling and low sea level that resulted in
erosion and redeposition of spherules throughout Central Amer-
ica, the Caribbean, and Texas (Keller et al., 2003a, 2007).

Bass River Core, New Jersey

The Bass River core of New Jersey has also been claimed
to contain a complete K-T boundary sequence that provides
“unequivocal evidence” that the Chicxulub impact is K-T in
age (Olsson et al., 1997). However, this shallow-water (~100 m)
sequence is demonstrably incomplete. The Maastrichtian con-
sists of highly bioturbated glauconitic clay with only the top 8 cm
indicative of the M. prinsii (CC26) zone, which suggests erosion
of the uppermost Maastrichtian sediments (Fig. 23). The overly-
ing spherule layer is poorly sorted with altered clay spherules and
clasts. Above it is a silty glauconitic clay with numerous clasts
with Maastrichtian microfossils that indicate erosion, transport,
and redeposition. The presence of an early Danian planktic fora-

miniferal assemblage with six species, including P. eugubina,
marks zone Pla as spanning a mere 8 cm interval. This indicates
that the boundary clay zone PO and most of zone Pla are missing
in the Bass River core. The juxtaposition of the spherule layer
and early Danian is due to a major hiatus, which allows no con-
clusion as to the timing of the Chicxulub event.

Terrestrial Sequences—U.S. Western Interior

Another frequently used argument in support of Chicxu-
Iub as the K-T boundary impact is the close proximity of the
spherule and Ir-enriched layers in terrestrial sequences from the
U.S. Western Interior (Orth et al., 1982). In these localities a
2 cm thick gray layer of kaolinite and some smectite and hol-
low goyazite spherules (infilled by kaolinite) mark the Chicxu-
lub spherule layer. Above it is a dark organic-rich thinner layer
of laminated smectite and kaolinite clay with shocked miner-
als and siderophile elements that is believed to mark the K-T
boundary “fireball” layer (Bohor, 1990; Izett, 1990; Bohor and
Glass, 1995). However, sedimentation in terrestrial sequences is
inherently discontinuous, and the close stratigraphic proximity
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Figure 23. Litho- and biostratigraphy of the Bass River core of New Jersey (modified after Olsson et al., 1997). In this section the juxtaposition
of the spherule-rich layer and the overlying 8-cm-thick glauconitic clay of zone P1a marks a major hiatus, which allows no conclusion as to the

timing of the Chicxulub event.

of two separate layers alone is not a convincing argument for a
cause-and-effect scenario.

DISCUSSION AND SUMMARY

The promise and potential of impact stratigraphy are impact
markers as time horizons in correlation and in deciphering the
relative order of a closely spaced sequence of events. In principle,
impact markers represent an instant in time, and their stratigraphic
positions relative to other marker horizons are fixed, providing a
time line between younger and older events above and below. But
impact markers are subject to the same geological forces as any
other marker horizons—erosion, reworking, and redeposition—
sometimes leaving multiple impact marker horizons over time from
which the postdepositional history must be carefully evaluated.

The global K-T Ir anomaly and more regional Chicxulub
impact spherules are the most widespread and consistently pres-

ent impact markers, and both have been used as unquestionable
K-T marker horizons. However, strata with Ir anomalies never
contain Chicxulub impact spherules and spherule layers never
contain iridium anomalies. Moreover, the stratigraphic position
of the oldest spherule layer is in undisturbed upper Maastrich-
tian sediments. But reworked and redeposited spherule layers are
common in the uppermost Maastrichtian and lower Danian, and
there is evidence of additional Ir anomalies of both cosmic and
volcanic origins in the early Danian (Fig. 24). In the deep sea, the
sedimentary records are generally condensed and incomplete due
to erosion and nondeposition, which may position the Ir anomaly
in close proximity with a thin (1-2 cm) spherule layer. For these
reasons, analysis of isolated sequences can lead and has led fre-
quently to erroneous conclusions.

A comprehensive survey of Ir anomaly and spherule impact
markers within the Chicxulub proximal and distal ejecta fields
from Texas to central Mexico and the Caribbean reveals the main
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Figure 24. Summary of impact horizons in upper Maastrichtian to lower Danian sediments based on the composite stratigraphy of the most ex-
panded shelf and upper slope sequences in Texas and NE Mexico. The original Chicxulub impact ejecta spherule layer, the reworked spherules at
the base of the sandstone complex, and the K-T Ir anomaly are all excellent marker horizons. Comparison with the condensed marine sequences
in the northeastern Atlantic indicates that these three marker horizons are condensed into one, juxtaposing the Ir anomaly and spherules at or near

the K-T boundary due to erosion and nondeposition.

Ir anomaly at the K-T boundary clay (red layer), consistent with
its global occurrence, and a second smaller Ir anomaly of cosmic
origin and one of volcanic origin in the early Danian zone Pla(1)
(Stiiben et al., 2002, 2005). The K-T transition is thus marked by
multiple impacts, similar to the late Eocene, the end-Devonian,
and the Triassic (Keller, 2005).

The stratigraphy of impact spherules is even more complex
than that of Ir anomalies, due to erosion, transport, and redepo-
sition of spherules, and varies on a regional basis, apparently
controlled by gravity flows and slumps commonly associated
with sea-level falls. For example, impact spherules from pre-
dominantly shallow-water sequences of southern Mexico, Gua-
temala, Belize, Haiti, and Cuba are reworked and redeposited in
the early Danian zone Pla(1). An unconformity marks the K-T
boundary, and in some localities rare spherules can be found in
the underlying breccia (e.g., Chiapas and Guatemala). In NE
Mexico and Texas, impact spherules are exclusively found in
upper Maastrichtian sediments, with the stratigraphically lower-
most and original impact ejecta layer near the base of zone CF1,
~300,000 yr below the K-T boundary.

It is tempting to interpret this pattern of spherule layers as
evidence for multiple impacts. But this is not supported by spher-

ule glass geochemistry, which indicates comparable compositions
in all spherule layers and is consistent with impact glass in the
Chicxulub crater cores (e.g., Schulte et al., 2003; Keller et al.,
2007). This indicates that all stratigraphically higher spherule
layers are reworked from the stratigraphically oldest and original
ejecta deposit. In all areas with abundant spherule deposits, rede-
position of impact spherules occurred predominantly in subma-
rine canyons during the latest Maastrichtian sea-level fall (~100—
150 k.y. prior to the K-T boundary; Fig. 24), which also deposited
a widespread sandstone complex that has been erroneously inter-
preted as a megatsunami generated by the Chicxulub impact.
Although impacts create tsunamis, which are expected to
leave sedimentary records, there is little disturbance associated
with the original impact ejecta layer at Brazos River in Texas,
and Loma Cerca and El Pefion in NE Mexico, at 500 km and
1000 km, respectively, from the impact crater on Yucatan. The
submarine canyon sandstone deposits with reworked spherules
at the base were formed much later (probably ~100-150 k.y.
prior to the K-T boundary) during a sea-level fall that low-
ered sea level by ~50-70 m, as estimated from Brazos River
sequences. Clasts with spherules from the original deposit
and burrowed horizons throughout these sandstone complexes
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indicate long-term deposition and seasonal storms rather than a
tsunami (Yancey 1996; Gale, 2006).

Impact stratigraphy is thus an exceedingly useful tool in
stratigraphy that can help evaluate the sequence of events across
critical intervals in Earth’s history. But it has to be used with
caution, applied on a regional scale to avoid isolated artifacts of
redeposition, and subject to the basic stratigraphic principle of
superposition—that in any undisturbed sediment sequence the
oldest bed is at the base and the youngest at the top. Obser-
vations from this regional evaluation of Ir and spherule impact
markers provide some guidance.

Iridium Marker in K-T Sequences

The sharp K-T iridium anomaly is probably the best
impact marker, though studies in India suggest that a volcanic
origin cannot be excluded (Bajpai and Prasad, 2000). Because
of its properties, Ir is unlikely to be reworked and redeposited
as a sharp peak anomaly (Sawlowicz, 1993), though it is eas-
ily smeared out by bioturbation. In NE Mexico, as in continu-
ous sequences worldwide, the K-T Ir anomaly is only found
in the boundary clay or thin red layer, coincident with criti-
cal K-T markers such as the negative 8"3C shift, the extinction
of all specialized tropical planktic foraminifera, and evolution
of the first Danian species in the boundary clay immediately
above (Fig. 4). When used together with these bio- and chemo-
markers, the Ir anomaly is a reliable K-T indicator. However, it
requires some considerations.

1. In NE Mexico the Ir anomaly is in the K-T boundary clay and
red layer and stratigraphically always above the sandstone
complex with its spherules at the base (e.g., El1 Mimbral,
La Parida, La Sierrita; Figs. 8A and 8B). Along the Brazos
River, Texas, the Ir anomaly is also above the sandstone
complex with spherules at the base (Figs. 9A and 9B).

2. Ir can be remobilized upward and downward and concentrated
at redox boundaries, though in usually much smaller con-
centrations. Such minor Ir enrichments are present in the
sandstone complex below the K-T boundary at El Mimbral
and Brazos-1 (Figs. 8A, 8B, 9A, 9B) and have been claimed
as support for the impact tsunami hypothesis and to justify
the placement of the K-T boundary at the base of these sand-
stone complexes. Ir anomalies cannot be used in isolation
as the sole index for the stratigraphic placement of the K-T
boundary.

3. Iridium anomalies are not unique and therefore not infallible
K-T markers. At least three impact craters are known dur-
ing the last several hundred thousand years of the Maas-
trichtian (Silverpit, Boltysh, Chicxulub). The fourth may be
the K-T impact for which no impact crater is yet known.
A fifth impact may have occurred during the early Danian
zone Pla(1). Ir anomalies are known only from the K-T and
Danian impacts.

4. Iridium anomalies may be of cosmic or volcanic origins. In par-
ticular, small Ir anomalies should be used with caution and
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require other PGEs to determine their origin (e.g., cosmic,
volcanic, or redox boundaries). For example, early Danian
zone Pla(l) sediments in Haiti, Guatemala, and central
Mexico contain an Ir anomaly of cosmic origin, but in Haiti
a second small Ir anomaly is of volcanic origin (Fig. 5).

5. No iridium enrichment has been observed to date in any impact
spherule layers or any other Chicxulub impact ejecta. The
Chicxulub bolide may have been a dirty snowball-type
comet without Ir enrichment.

Chicxulub Spherule Marker in K-T Sequences

The geographic and stratigraphic distribution of the Chicxu-
lub impact spherules is very complex due to the postdepositional
history affecting these deposits (e.g., tectonic, erosion, transport,
redeposition, slumps, gravity flows). The multiple stratigraphic
occurrences of altered glass spherules show how easily spherules
can be transported and redeposited into younger sediments. Their
presence in both uppermost Maastrichtian and lower Danian
sediments reflects repeated erosion and redeposition of spher-
ules over several hundred thousand years after the impact event.
This limits the use of Chicxulub impact spherules as a correlation
tool and time horizon without consideration of this temporal and
spatial postdepositional history. The following stratigraphic and
geographic considerations mitigate this drawback.

1. Only the stratigraphically lowermost (oldest) impact spherule
layer in undisturbed sediments provides a marker horizon
for the age of the Chicxulub impact. This spherule layer
generally contains a calcite matrix and lacks shallow-
water debris. In NE Mexico and along the Brazos River
in Texas, the stratigraphically lowermost spherule layer is
near the base of planktic foraminiferal zone CF1 and pre-
dates the K-T boundary by ~300 k.y. This is in agreement
with the age of the impact breccia in the Chicxulub crater
core Yaxcopoil-1.

2. All stratigraphically higher (younger) spherule layers reflect
postdepositional erosion, transport, and redeposition at times
of low sea levels, gravity slumps along slopes, or tectonic
activity. This is evident in the presence of clastic grains,
shallow-water debris, and foraminifera.

3. The first widespread phase of spherule redeposition occurred
during the early transgression after the uppermost Maas-
trichtian sea-level fall (~100-150 k.y. prior to the K-T
boundary). At this time, spherules eroded in shallow
areas were transported (via gravity flows, slumps) into
deep waters via submarine canyons (e.g., NE Mexico and
Texas). This phase led to deposition of the spherule lay-
ers at the base of the sandstone complex in NE Mexico
and Texas, which gave rise to the controversial hypothesis
of impact-generated tsunami deposits. The second phase
of spherule redeposition occurred during the early Danian
zone Pla(1) sea-level low and is mainly found in central
Mexico, Guatemala, Belize, and Haiti. A major hiatus marks
the K-T boundary in these areas.
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4. The stratigraphic proximity of Chicxulub impact spherules and
Ir anomaly at or near the K-T boundary in deep-seasites (e.g.,
ODP Sites 1049, 1259, and Bass River, New Jersey) does
not signify a K-T boundary age for the Chicxulub impact,
but may reflect the condensed and often disturbed sedimen-
tary records of the deep sea, which must be carefully evalu-
ated and correlated with the more complete records from NE
Mexico and Texas.

CONCLUSIONS

Impact stratigraphy makes use of unique catastrophes in
Earth’s history and uses their signals in correlation and timing
of these events. Impact markers are extremely useful and invalu-
able tools in stratigraphy with great potential in deciphering a
sequence of closely spaced events, such as the timing of the
Chicxulub impact and K-T event. But as any sedimentary mark-
ers, they are subject to erosion, transport, and redeposition, which
can lead to erroneous interpretations. Therefore, the timing of
impacts must be deciphered from undisturbed, complete, and
continuous sequences with high sedimentation rates. Moreover,
the regional stratigraphic distribution is critical to sort out spher-
ule layers that are redeposited from those that represent the origi-
nal impact ejecta fallout. This study shows that in undisturbed
sequences of NE Mexico and Brazos River, Texas, the Chicxu-
Iub spherule ejecta and K-T Ir anomaly and red layer are widely
separated, with biostratigraphy indicating ~300,000 yr elapsed
between these two events. In all other regions examined, the
stratigraphic records are demonstrably incomplete, with Chicxu-
lub spherule ejecta redeposited in early Danian sediments (e.g.,
Cuba, Haiti, Belize, Guatemala, central Mexico), or juxtaposed
at unconformities at the K-T boundary (Bass River, New Jersey,
Blake Nose, NW Atlantic). For the K-T transition, impact stratig-
raphy predates the K-T boundary and Ir anomaly. There is also
evidence that the environmental upheaval continued during the
early Danian with another smaller impact and volcanism.

The story that has emerged to date is that the K-T transition
was a time of long-term upheavals including multiple impacts,
volcanism, and rapid climate changes that eventually led to the
mass extinction, but comprehensive studies are still lacking. Deci-
phering the full history of the K-T mass extinction will require
further detailed regional and global studies. For example, a com-
prehensive study is needed to evaluate the geochemical similari-
ties and differences between the Chicxulub impact spherules and
the rare clay spherules observed in some K-T clay layers, which
may reveal their source. Global studies are needed to evaluate the
geographic distribution of the Chicxulub impact spherule layer,
which currently is restricted largely to Central America and the
Caribbean. The absence of this spherule layer in geographically
more distant regions suggests that the search has concentrated on
the K-T boundary interval, instead of the latest Maastrichtian, or
that this impact was too small to have a global distribution and
global environmental effects. Perhaps for too long has the search
for the cause of the K-T mass extinction concentrated almost
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exclusively on a large impact while ignoring Deccan volcanism,
the other major catastrophe on Earth 65 m.y. ago. Recent studies
suggest that the ultimate cause may well have been the combined
effects of volcanism and impacts.

ACKNOWLEDGMENTS

This research expository has drawn upon more than 13 years of
collaborative studies with Thierry Adatte from the University
of Neuchatel, Wolfgang Stinnesbeck, Zsolt Berner, Utz Kra-
mar, and Doris Stueben from the University of Karlsruhe, and
numerous former students whose work is acknowledged in the
text. I am grateful to all of them for their dedication and hard
work in the quest and search for the ultimate answers to the
K-T controversy. I am grateful to the reviewers Jere Lipps, Neil
Landman, and Kevin Evans for their helpful comments. This
material is based upon work supported by the National Science
Foundation’s Continental Dynamics Program and Sedimen-
tary Geology and Paleobiology Program under NSF Grants
EAR-0207407 and EAR-0447171.

REFERENCES CITED

Abramovich, S., and Keller, G., 2003, Planktic foraminiferal response to latest
Maastrichtian abrupt warm event: A case study from midlatitude DSDP
Site 525: Marine Micropaleontology, v. 48, p. 225-249.

Adatte, T., Stinnesbeck, W., and Keller, G., 1996, Lithostratigraphic and mineral-
ogical correlations of near-K/T boundary clastic sediments in northeastern
Mexico: Implications for mega-tsunami or sea level changes?, in Ryder, G.,
et al., eds., The Cretaceous-Tertiary event and other catastrophes in Earth
history: Geological Society of America Special Paper 307, p. 197-210.

Affolter, M., 2000, Etude des depots clastiques de la limite Cretace-Tertiaire
dans la region de la Sierrita, Nuevo Leon, Mexique [M.S. thesis]: Neucha-
tel, Switzerland, Geological Institute, University of Neuchatel, 133 p.

Aguado, R., Lamolda, M.L., and Maurrasse, F.J.-M.R., 2005, Nanofosiles del
limite Cretacico/Terciario cerca de Beloc (Haiti): Bioestratigraffa, com-
posicién de las asociaciones e implicaciones paleoclimdticas: Journal of
Iberian Geology, v. 31, no. 1, p. 9-24.

Alegret, L., Molina, E., and Thomas, E., 2001, Benthic foraminifera at the Cre-
taceous-Tertiary boundary around the Gulf of Mexico: Geology, v.29,
p- 891-894, doi: 10.1130/0091-7613(2001)029<0891:BFATCT>2.0.CO;2.

Alegret, L., Arenillas, 1., Arz, J.A., Diaz, C., Grajales-Nishimura, J.M., Melén-
dez, A., Molina, E., Rojas, R., and Soria, A.R., 2005, Cretaceous-Paleo-
gene boundary deposit at Loma Capiro, central Cuba: Evidence for the
Chicxulub impact: Geology, v. 33, p. 721-724, doi: 10.1130/G21573.1.

Alvarez, L.W., Alvarez, W., Asaro, F., and Michel, H.V., 1980, Extraterrestrial
cause for the Cretaceous-Tertiary extinction: Experimental results and
theoretical interpretation: Science, v. 208, p. 1095-1108.

Asaro, H., Michel, H.V., Alvarez, W., Alvarez, L.W., Maddocks, R.F., and
Burch, T., 1982, Iridium and other geochemical profiles near the Creta-
ceous-Tertiary boundary in a Brazos River section in Texas, in Maddocks,
R.F, ed., Texas Ostracoda: Eighth International Symposium on Ostra-
coda: Houston, Texas, University of Houston, Department of Geoscience,
p. 238-241.

Bajpai, S., and Prasad, G.V.R., 2000, Cretaceous age for Ir-rich Deccan inter-
trappean deposits: Palacontological evidence from Anjar, western India:
Journal of the Geological Society of London, v. 157, p. 257-260.

Barrera, E., and Keller, G., 1994, Productivity across the Cretaceous-Tertiary
boundary in high latitudes: Geological Society of America Bulletin,
v. 106, p. 1254-1266.

Berggren, W.A., Kent, D.V., Swisher, C.C., III, and Aubry, M.-P,, 1995, A revised
Cenozoic geochronology and chronostratigraphy, in Berggren, W., et al., eds.,
Geochronology, time scales and global stratigraphic correlation: Society for
Sedimentary Geology Special Publication 54, p. 129-212.


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on November 4, 2014

176

Blum, J.D., Chamberlain, C.P., Hingston, M.P.,, Koeberl, C., Marin, L.E.,
Schuraytz, B.C., and Sharpton, V.L., 1993, Isotopic comparison of K-T
boundary impact glass with melt rock from the Chicxulub and Manson
impact structures: Nature, v. 364, p. 325-327, doi: 10.1038/364325a0.

Bohor, B.E.,, 1990, Shocked quartz and more: Impact signatures in Cretaceous/
Tertiary boundary clays, in Sharpton, V.L., and Ward, P., eds., Global
catastrophes in Earth history: Geological Society of America Special
Paper 247, p. 335-347.

Bohor, B.F, and Glass, B.P., 1995, Origin and diagenesis of the K/T impact spher-
ules from Haiti to Wyoming and beyond: Meteoritics, v. 30, p. 182-198.

Bourgeois, J., Hansen, T.A., Wiberg, P., and Kauffman, E.G., 1988, A tsunami
deposit at the Cretaceous-Tertiary boundary in Texas: Science, v. 141,
p. 567-570.

Brooks, R.R., Hoek, PL., Peeves, R.D., Wallace, R.C., Johnston, J.H., Ryan,
D.E., Holzbecher, J., and Collen, J.D., 1985, Weathered spheroids in a
Cretaceous-Tertiary boundary shale at Woodside Creek, New Zealand:
Geology, v. 13, p. 735-740.

Caron, M., 1985, Cretaceous planktonic foraminifera, in Bolli, H.M., et al.,
eds., Plankton stratigraphy: Cambridge, UK, Cambridge University Press,
p. 17-86.

Chaussidon, M., Sigurdsson, H., and Metrich, N., 1996, Sulfur and boron iso-
tope study of high-Ca impact glass from the K/T boundary: Constraints
on source rocks, in Ryder, G., et al., eds., The Cretaceous-Tertiary event
and other catastrophes in Earth history: Geological Society of America
Special Paper 307, p. 253-262.

Chenet, A.-L., Quidelleur, X., Fluteau, F., and Courtillot, V., 2007, “K/*°Ar dating
of the main Deccan large Igneous province: Further evidence of KTB age
and short duration: Earth and Planetary Science Letters, v. 263, p. 1-15.

Culver, S.J., 2003, Benthic foraminifera across the Cretaceous-Tertiary (K-T)
boundary: A review: Marine Micropaleontology, v. 47, p. 177-226, doi:
10.1016/S0377-8398(02)00117-2.

Dalrymple, B.G., Izett, G.A., Snee, L.W., and Obradovich, J.D., 1993, “Ar/*Ar
age spectra and total fusion ages of tektites from Cretaceous-Tertiary
boundary sedimentary rocks in the Beloc formation, Haiti: U.S. Geologi-
cal Survey Bulletin 2065, 20 p.

Debrabant, P., Fourcade, E.E., Chamley, H., Rocchia, R., Robin, E., Bellier,
J.P., Gardin, S., and Thiebolt, F., 1999, Les argiles de la transition Cre-
tace-Tertiaire au Guatemala, temoins d’un impact d’asteroide: Bulletin de
la Société Géologique de France, v. 170, p. 643-660.

Ekdale, A.A., and Stinnesbeck, W., 1998, Ichnology of Cretaceous-Tertiary (K/
T) boundary beds in northeastern Mexico: Palaios, v. 13, p. 593-602.

Elliott, W.C., 1993, Origin of the Mg smectite at the Cretaceous/Tertiary (K/
T) boundary at Stevns Klint, Denmark: Clays and Clay Minerals, v. 41,
p. 442-452.

Elliott, W.C., Aronson, J.L., Millard, H.T., and Gierlowski-Kordesch, E., 1989,
The origin of clay minerals at the Cretaceous/Tertiary boundary in Den-
mark: Geological Society of America Bulletin, v. 101, p. 702-710, doi:
10.1130/0016-7606(1989)101<0702: TOOTCM>2.3.CO;2.

Gale, A., 2006, The Cretaceous-Tertiary boundary on the Brazos River, Falls
County, Texas: Evidence for impact-induced tsunami sedimentation?:
Proceedings of the Geologists’ Association, v. 117, p. 1-13.

Ganapathy, R., Gartner, R.S., and Jiang, M.J., 1981, Iridium anomaly at the
Cretaceous-Tertiary boundary in Texas: Earth and Planetary Science Let-
ters, v. 54, p. 393-396.

Gilmore, J.S., Knight, J.D., Orth, C.L., Pillmore, C.L., and Tschudy, R.H.,
1984, Trace element patterns at a non-marine Cretaceous-Tertiary bound-
ary: Nature, v. 307, p. 224-228.

Glikson, A.Y., and Haines, P.W., 2005, Shoemaker memorial issue on the Aus-
tralian impact record: 1997-2005 update: Introduction: Australian Journal
of Earth Sciences, v. 52, p. 475-476, doi: 10.1080/08120090500170385.

Glikson, A.Y., Allen, C., and Vickers, J., 2004, Multiple 3.47 Ga-old asteroid
impact fallout units, Pilbara Craton, Western Australia: Earth and Plan-
etary Science Letters, v. 221, p. 383-396.

Gradstein, EM., and Ogg, J.G., 2004, Geologic time scale 2004—Why, how,
and where next?: Lethaia, v. 37, no. 2, p. 175-181, doi: 10.1080/002411
60410006483.

Grieve, R.A.F., 2005, Planetary and Space Science Centre, 2007, Earth impact
database: http://www.unb.ca/passc/ImpactDatabase/ (September 2007).

Hallam, H., and Wignall, P.B., 1997, Mass extinctions and their aftermath:
Oxford, UK, Oxford University Press, 320 p.

Hansen, T.A., Farrand, R.B., Montgomery, H.A., Billman, H.G., and Blech-
schmidt, G.L., 1987, Sedimentology and extinction patterns across the

Keller

Cretaceous-Tertiary boundary interval in east Texas: Cretaceous Research,
v. 8, no. 3, p. 229-252, doi: 10.1016/0195-6671(87)90023-1.

Hansen, T.A., Upshaw, B., III, Kauffman, E.G., and Gose, W., 1993, Patterns of
molluscan extinction and recovery across the Cretaceous-Tertiary bound-
ary in east Texas: Report on new outcrops: Cretaceous Research, v. 14,
no. 6, p. 685-706, doi: 10.1006/cres.1993.1047.

Harris, R.S., Roden, MLE,, Schroeder, P.A., Holland, M.S., Duncan, M.S., and
Albin, E.F.,, 2004, Upper Eocene impact horizon in east-central Georgia:
Geology, v. 32, p. 717-720, doi: 10.1130/G20562.1.

Harting, M., 2004, Zum Kreide/Teniér—Ubergang in NE-Mexiko: Geoche-
mische Charakterisierung der Chicxulub-Impaktejekta: Karlsruhe, Ger-
many, Karlsruhe University Press, 568 p.

Heymann, D., Yancey, T.E., Wolbach, W.S., Thiemens, M.H., Johnson, E.A.,
Roach, D., and Moecker, S., 1998, Geochemical markers of the Cretaceous-
Tertiary boundary event at Brazos River, Texas, USA: Geochimica et Cos-
mochimica Acta, v. 62, p. 173-181, doi: 10.1016/S0016-7037(97)00330-X.

Izett, G.A., 1990, The Cretaceous/Tertiary boundary interval, Raton Basin, Col-
orado and New Mexico, and its content of shock-metamorphosed miner-
als: Evidence relevant to the K/T boundary impact-extinction hypothesis:
Geological Society of America Special Paper 249, 100 p.

Izett, G.A., Dalrymple, G.B., and Snee, L.W., 1991, “Ar/*Ar age of K-T
boundary tektites from Haiti: Science, v. 252, p. 1539-1543.

Keller, G., 1989, Extended K/T boundary extinctions and delayed populational
change in planktic foraminiferal faunas from Brazos River Texas: Pale-
oceanography, v. 4, no. 3, p. 287-332.

Keller, G., 1993, The Cretaceous-Tertiary boundary transition in the Antarc-
tic Ocean and its global implications: Marine Micropaleontology, v. 21,
p. 1-45, doi: 10.1016/0377-8398(93)90010-U.

Keller, G., 2001, The end-Cretaceous mass extinction: Year 2000 assessment:
Journal Planetary and Space Science, v. 49, p. 817-830, doi: 10.1016/
S0032-0633(01)00032-0.

Keller, G., 2002, Guembelitria dominated late Maastrichtian planktic forami-
niferal assemblages mimic early Danian in central Egypt: Marine Micro-
paleontology, v. 47, p. 71-99.

Keller, G., 2005, Impacts, volcanism and mass extinctions: Random coinci-
dence or cause and effect?: Australian Journal of Earth Sciences, v. 52,
p. 725-757, doi: 10.1080/08120090500170393.

Keller, G., and Adatte, T., 2005, Basinward transport of Chicxulub ejecta by tsu-
nami-induced backflow, La Popa basin, NE Mexico: Comment: Geology
Online, September 2005, p. 88, doi: 10.1130/0091-7613(2005)31<e88:
BTOCEB>2.0.CO:2.

Keller, G., and Pardo, A., 2004, Disaster opportunists Guembelitrinidae—Index
for environmental catastrophes: Marine Micropaleontology, v. 53, p. 83—
116, doi: 10.1016/j.marmicro.2004.04.012.

Keller, G., and Stinnesbeck, W., 2002, Slumping and a sandbar deposit at
the Cretaceous-Tertiary boundary in the El Tecolote section (north-
eastern Mexico): An impact-induced sediment gravity flow: Comment:
Geology, v. 30, p.382-383, doi: 10.1130/0091-7613(2002)030<0382:
SAASDA>2.0.CO;2.

Keller, G., D’Hondt, S., and Vallier, T.L., 1983, Multiple microtektite horizons
in upper Eocene marine sediments: No evidence for mass extinctions: Sci-
ence, v. 221, p. 150-152.

Keller, G., Stinnesbeck, W., and Lopez-Oliva, J.G., 1994a, Age, deposition and
biotic effects of the Cretaceous/Tertiary boundary event at Mimbral, NE
Mexico: Palaios, v. 9, p. 144-157.

Keller, G., Stinnesbeck, W., Adatte, T., MacLeod, N., and Lowe, D.R., 1994b,
Field guide to Cretaceous-Tertiary boundary sections in northeastern
Mexico: Houston, Lunar and Planetary Institute Contribution 827, 110 p.

Keller, G., Li, L., and MacLeod, N., 1995, The Cretaceous/Tertiary bound-
ary stratotype section at El Kef, Tunisia: How catastrophic was the mass
extinction?: Palacogeography, Palaeoclimatology, Palacoecology, v. 119,
p. 221-254, doi: 10.1016/0031-0182(95)00009-7.

Keller, G., Lopez-Oliva, J.G., Stinnesbeck, W., and Adatte, T., 1997, Age, stratigra-
phy and deposition of near K/T siliciclastic deposits in Mexico: Relation to
bolide impact?: Geological Society of America Bulletin, v. 109, p. 410428,
doi: 10.1130/0016-7606(1997)109<0410:ASADON>2.3.CO;2.

Keller, G., Adatte, T., Stinnesbeck, W., Stueben, D., and Berner, Z., 2001, Age,
chemo- and biostratigraphy of Haiti spherule-rich deposits: A multi-event
K-T scenario: Canadian Journal of Earth Sciences, v. 38, p. 197-227, doi:
10.1139/cjes-38-2-197.

Keller, G., Adatte, T., Stinnesbeck, W., Luciani, V., Karoui-Yaakoub, N., and
Zaghbib-Turki, D., 2002a, Paleoecology of the Cretaceous/Tertiary mass


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on November 4, 2014

Impact stratigraphy

extinction in planktonic foraminifera: Palaecogeography, Palaecoclimatol-
ogy, Palaeoecology, v. 178, p. 257-297.

Keller, G., Adatte, T., Stinnesbeck, W., Affolter, M., Schilli, L., and Lopez-
Oliva, J.G., 2002b, Multiple spherule layers in the late Maastrichtian of
northeastern Mexico, in Koeberl, C., and MacLeod, K.G., eds., Cata-
strophic events and mass extinctions: Impacts and beyond: Geological
Society of America Special Paper 356, p. 145-161.

Keller, G., Stinnesbeck, W., Adatte, T., and Stiiben, D., 2003a, Multiple impacts
across the Cretaceous-Tertiary boundary: Earth-Science Reviews, v. 62,
p. 327-363, doi: 10.1016/S0012-8252(02)00162-9.

Keller, G., Stinnesbeck, W., Adatte, T., Holland, B., Stueben, D., Harting, M.,
de Leon, C., and de la Cruz, J., 2003b, Spherule deposits in Cretaceous-
Tertiary boundary sediments in Belize and Guatemala: Geological Soci-
ety [London] Journal, v. 160, p. 783-795.

Keller, G., Adatte, T., Stinnesbeck, W., Rebolledo-Vieyra, M., Urrutia Fucugau-
chi, J., Kramar, U., and Stueben, D., 2004a, Chicxulub crater predates
K-T mass extinction: Proceedings of the National Academy of Sciences
of the United States of America, v. 101, p. 3753-3758.

Keller, G., Adatte, T., Stinnesbeck, W., Stiiben, D., Berner, Z., and Harting, M.,
2004b, More evidence that the Chicxulub impact predates the K/T mass
extinction: Meteoritics and Planetary Science, v. 39, p. 1127-1144.

Keller, G., Adatte, T., Harting, M., Berner, Z., Baum, G., Prauss, M., Tantawy,
A.A., and Stueben, D., 2007, Chicxulub impact predates the K-T bound-
ary: New evidence from Texas: Earth and Planetary Science Letters, v.
255, p. 339-356.

Keller, G., Adatte, T., Baum, G., and Berner, Z., 2008, Reply to “Chicxulub
impact predates K-T boundary: New evidence from Brazos, Texas” com-
ment by Schulte et al.: Earth and Planetary Science Letters (in press).

Kelley, P.S., and Gurov, E., 2002, Boltysh, another end Cretaceous impact:
Meteoritics and Planetary Science, v. 37, p. 1031-1043.

Klaus, A., Norris, R.D., Kroon, D., and Smit, J., 2000, Impact-induced mass wast-
ing at the K-T boundary: Blake Nose, western North Atlantic: Geology, v. 28,
p- 319-322, doi: 10.1130/0091-7613(2000)28<319:IMWATK>2.0.CO;2.

Koeberl, C., Sharpton, V.L., Schuraytz, B.C., Shirley, S.B., Blum, J.D., and
Marin, L.E., 1994, Evidence for a meteoric component in impact melt
rock from the Chicxulub structure: Geochimica et Cosmochimica Acta,
v. 56, p. 2113-2129.

Kucera, M., and Malmgren, B.A., 1998, Terminal Cretaceous warming event in
the mid-latitude South Atlantic Ocean: Evidence from poleward migra-
tion of Contusotruncana contusa (planktonic foraminifera) morphotypes:
Palacogeography, Palacoclimatology, Palaeoecology, v. 138, p. 1-15.

Lawton, T.F., Shipley, K.W., Aschoff, J.L., Giles, K.A., and Vega, EJ., 2005,
Basinward transport of Chicxulub ejecta by tsunami-induced backflow,
La Popa basin, northeastern Mexico, and its implication for distribution
of impact-related deposits flanking the Gulf of Mexico: Geology, v. 33,
p. 81-84, doi: 10.1130/G21057.1.

Li, L., and Keller, G., 1998a, Maastrichtian climate, productivity and faunal
turnovers in planktic foraminifera in South Atlantic DSDP Site 525A and
21: Marine Micropaleontology, v. 33, p. 55-86.

Li, L., and Keller, G., 1998b, Abrupt deep-sea warming at the end of
the Cretaceous: Geology, V.26, p.995-999, doi: 10.1130/0091-
7613(1998)026<0995: ADSWAT>2.3.CO;2.

Lindenmaier, F., 1999, Geologie und Geochemie an der Kreide/Tertidr-Grenze
im Nordosten von Mexiko: Diplomarbeit, Institut fiir Regionale Geologie,
Karlsruhe, 90 p.

Lopez-Oliva, J.G., and Keller, G., 1996, Age and stratigraphy of near-K/T
boundary clastic deposits in NE Mexico, in Ryder, G., et al., eds., The
Cretaceous-Tertiary event and other catastrophes in Earth history: Geo-
logical Society of America Special Paper 307, p. 227-242.

Ma, X.P,, and Bai, S.L., 2002, Biological, depositional, microspherule and geo-
chemical records of the Frasnian/Famennian boundary beds, South China:
Palaeogeography, Palaeoclimatology, Palacoecology, v. 181, p. 325-346,
doi: 10.1016/S0031-0182(01)00484-9.

MacLeod, K.G., Whitney, D.L., Huber, B.T., and Koeberl, C., 2006, Impact and
extinction in remarkably complete Cretaceous-Tertiary boundary sections
from Demerara Rise, tropical western North Atlantic: Geological Society
of America Bulletin, v. 119, p. 101-115, doi: 10.1130/B25955.1.

MacLeod, N., 1998, Impacts and marine invertebrate extinctions, in Grady,
M.M., et al., eds., Meteorites: Flux with time and impact effects: Geologi-
cal Society [London] Special Publication 140, p. 217-246.

Martinez-Ruiz, F., Ortega-Huertas, M., Palomo-Delgado, 1., and Smit, J., 2002,
Cretaceous-Tertiary boundary at Blake Nose (Ocean Drilling Program

177

Leg 171B): A record of the Chicxulub impact ejecta, in Koeberl, C., and
MacLeod, K.G., eds., Catastrophic events and mass extinctions: Impacts and
beyond: Geological Society of America Special Paper 356, p. 189-200.

Maurrasse, FJ.-M.R., Lamolda, M.A., Aguado, R., Peryt, D., and Sen, G.,
2005, Spatial and temporal variations of the Haitian K/T boundary record:
Implications concerning the event or events: Journal of Iberian Geology,
v. 31, no. 1, p. 113-133.

Méon, H., 1990, Palynologic studies of the Cretaceous/Tertiary boundary inter-
val at El Kef outcrop, northwestern Tunisia: Paleogeographic implica-
tions: Review of Palaecobotany and Palynology, v. 65, p. 85-94.

Michel, H.V., Asaro, F., and Alvarez, W., 1991, Geochemical study of the Cre-
taceous-Tertiary boundary region at Hole 752B, in Weissel, J., et al., eds.,
Proceedings of the Ocean Drilling Program, Scientific Results, Volume
121: College Station, Texas, Ocean Drilling Program, p. 415-422.

Molina, E., Alegret, L., Arenillas, 1., Arz, J.A., Gallala, N., Hardenbol, J., von
Salis, K., Steurbaut, E., Vandenberghe, N., Zaghbib-Turki, D., 2006, The
global boundary stratotype section and point for the base of the Danian
stage (Paleocene, Paleogene, “Tertiary,” Cenozoic) at El Kef, Tunisia—
original definition and revision: Episodes, v. 29, no. 4, p. 263-273.

Montanari, A., and Koeberl, C., 2000, Impact stratigraphy: Lecture notes in
earth sciences, 93: Heidelberg, Germany, Springer, 364 p.

Morgan, J., Lana, C., Kearsley, A., Coles, B., Belcher, C., Montanari, S., Diaz-
Martinez, E., Barbosa, A., and Neumann, V., 2006, Analyses of shocked
quartz at the global K-P boundary indicate an origin from a single, high-
angle, oblique impact at Chicxulub: Earth and Planetary Science Letters,
v. 251, p. 264-279, doi: 10.1016/].epsl.2006.09.009.

Napier, W.M., 2001, The influx of comets and their debris, in Peucker-Ehren-
brink, B., and Schmitz, B., eds., Accretion of extraterrestrial matter
throughout Earth’s history: Dordrecht, Kluwer, p. 51-74.

Napier, W.M., 2006, Evidence for cometary bombardment episodes: Monthly
Notices of the Royal Astronomical Society, v. 366, p. 977-982.

Nordt, L., Atchley, S., and Dworkin, S., 2003, Terrestrial evidence for two
greenhouse events in the latest Cretaceous: GSA Today, v. 13, no. 12,
p. 4-9, doi: 10.1130/1052-5173(2003)013<4: TEFTGE>2.0.CO;2.

Norris, R.D., Huber, B.T., and Self-Trail, J., 1999, Synchroneity of the K-
T oceanic mass extinction and meteorite impact: Blake Nose, west-
ern North Atlantic: Geology, v.27, p.419-422, doi: 10.1130/0091-
7613(1999)027<0419:SOTKTO>2.3.CO;2.

Norris, R.D., Firth, J., Blusztajn, J.S., and Ravizza, G., 2000, Mass failure of
the North Atlantic margin triggered by the Cretaceous-Paleogene bolide
impact: Geology, v. 28, p. 1119-1122.

Olsson, R.K., Miller, K.G., Browning, J.V., Habib, D., and Sugarmann, P.J.,
1997, Ejecta layer at the Cretaceous-Tertiary boundary, Bass River, New
Jersey (Ocean Drilling Program Leg 174AX): Geology, v. 25, p. 759-762,
doi: 10.1130/0091-7613(1997)025<0759:ELATCT>2.3.CO;2.

Orth, C.J., Gilmore, J.S., Knight, J.D., Pillmore, C.L., Tschudy, R.H., and Fas-
sett, J.E., 1982, Iridium abundance measurements across the Cretaceous/
Tertiary boundary in the San Juan and Raton Basins of northern New
Mexico, in Silver, L.T., and Schultz, P.H., eds., Geological Implications of
Impacts of Large Asteroids and Comets on the Earth: Geological Society
of America Special Paper 190, p. 423-433.

Pardo, A., Ortiz, N., and Keller, G., 1996, Latest Maastrichtian and K/T bound-
ary foraminiferal turnover and environmental changes at Agost, Spain, in
MacLeod, N., and Keller, G., eds., The Cretaceous-Tertiary mass extinction:
Biotic and environmental effects: New York, Norton Press, p. 157-191.

Poag, C.W., Plescia, J.B., and Molzer, P.C., 2002, Ancient impact structures on
modern continental shelves: The Chesapeake Bay, Montagnais, and Toms
Canyon craters, Atlantic margin of North America: Deep Sea Research
Part II: Topical Studies in Oceanography, v. 49, no. 6, p. 1081-1102, doi:
10.1016/S0967-0645(01)00144-8.

Rocchia, R., Robin, E., Froget, L., and Gayraud, J., 1996, Stratigraphic dis-
tribution of extraterrestrial markers at the Cretaceous-Tertiary boundary
in the Gulf of Mexico area: Implications for the temporal complexity of
the event, in Ryder, G., et al., eds., The Cretaceous-Tertiary event and
other catastrophes in Earth history: Geological Society of America Spe-
cial Paper 307, p. 279-286.

Sawlowicz, Z., 1993, Iridium and other platinum-group elements as geochemi-
cal markers in sedimentary environments: Palacogeography, Palacoclima-
tology, Palaeoecology, v. 104, p. 253-270.

Schilli, L., 2000, Etude de la limite K-T dans la région de la Sierrita, Nuevo
Leon, Mexique [M.S. thesis]: Neuchatel, Switzerland, Geological Insti-
tute, University of Neuchatel, 138 p.


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on November 4, 2014

178

Schulte, P, 1999, Geologisch-sedimentologische Untersuchungen des Kre-
ide/Tertizr (K/T)-Ubergangs im Gebiet zwischen La Sierrita und El Toro,
Nuevo Leon, Mexiko: Diplomarbeit, Universitidt Karlsruhe, Institut fiir
Regionale Geologie, Karlsruhe, Germany, 134 p.

Schulte, P., 2003, The Cretaceous-Paleogene transition and Chicxulub impact
ejecta in the northwestern Gulf of Mexico: Paleoenvironments, sequence
stratigraphic setting, and target lithologies [Ph.D. thesis]: Karlsruhe, Ger-
many, University of Karlsruhe, 204 p.

Schulte, P., Stinnesbeck, W., Steuben, D., Kramar, U., Berner, Z., Keller, G., and
Adatte, T., 2003, Multiple slumped? Chicxulub ejecta deposits with iron-
rich spherules and quenched carbonates from the K/T transition, La Sierrita,
NE Mexico: Journal of International Earth Sciences, v. 92, p. 114-142.

Schulte, P., Speijer, R.P., Mai, H., and Kontny, A., 2006, The Cretaceous-Paleo-
gene (K-P) boundary at Brazos, Texas: Sequence stratigraphy, deposi-
tional events and the Chicxulub impact: Sedimentary Geology, v. 184,
p. 77-109, doi: 10.1016/j.sedgeo.2005.09.021.

Schulte, P., Spejier, R.P., Brinkhuis, H., Kontny, A., Galeotti, S., and Smit, J.,
2008, Comment on the paper “Chicxulub impact predates K-T boundary:
New evidence from Brazos, Texas”: Earth and Planetary Science Letters
(in press).

Sepkoski, J.J., Jr., 1996, Patterns of Phanerozoic extinction: A perspective from
global databases, in Walliser, O.H., ed., Global events and event stratigra-
phy: Berlin, Springer-Verlag, p. 35-52.

Sigurdsson, H., Bonté, P., Turpin, L., Chaussidon, M., Metrich, N., Steinberg,
M., Pradel, P., and D’Hondt, S., 1991, Geochemical constraints on source
region of Cretaceous/Tertiary impact glasses: Nature, v. 353, p. 839-842,
doi: 10.1038/353839a0.

Sigurdsson, H., Leckie, R.M., and Acton, G.D., 1997, Caribbean volcanism,
Cretaceous/Tertiary impact, and ocean climate history: Synthesis of Leg
165: Proceedings of the Ocean Drilling Program, Initial Reports, Volume
165: College Station, Texas, Ocean Drilling Program, p. 377-400.

Smit, J., 1999, The global stratigraphy of the Cretaceous-Tertiary boundary
impact ejecta: Annual Review of Earth and Planetary Sciences, v. 27,
p. 75-113.

Smit, J., Montanari, A., Swinburne, N.H.M., Alvarez, W., Hildebrand, A., Mar-
golis, S.V., Claeys, P., Lowerie, W., and Asaro, F., 1992, Tektite-bearing
deep-water clastic unit at the Cretaceous-Tertiary boundary in northeast-
ern Mexico: Geology, v. 20, p. 99-104.

Smit, J., Roep, T.B., Alvarez, W., Montanari, A., Claeys, P., Grajales-Nishimura,
J.M., and Bermudez, J., 1996, Coarse-grained clastic sandstone complex
at the K/T boundary around the Gulf of Mexico: Deposition by tsunami
waves induced by the Chicxulub impact, in Ryder, G., et al., eds., The
Cretaceous-Tertiary event and other catastrophes in Earth history: Geo-
logical Society of America Special Paper 307, p. 151-182.

Smit, J., van der Gaast, S., and Lustenhouwer, W., 2004, Is the transition to
post-impact rock complete? Some remarks based on XRF scanning elec-
tron microprobe and thin section analyses of the Yaxcopoil-1 core: Mete-
oritics and Planetary Science, v. 39, p. 1113-1126.

Soria, A.R., Llesa, C.L., Mata, M.P,, Arz, J.A., Alegret, L., Arenillas, I., and
Melendez, A., 2001, Slumping and a sandbar deposit at the Cretaceous-
Tertiary boundary in the El Tecolote section (northeastern Mexico): An
impact-induced sediment gravity flow: Geology, v. 29, p. 231-234, doi:
10.1130/0091-7613(2001)029<0231:SAASDA>2.0.CO;2.

Stewart, S.A., and Allen, J.P.,, 2002, A 20-km-diameter multi-ringed impact
structure in the North Sea: Nature, v. 418, p. 520-523, doi: 10.1038/
nature00914.

Stinnesbeck, W., Barbarin, J.M., Keller, G., Lopez-Oliva, J.G., Pivnik, D.,
Lyons, J., Officer, C., Adatte, T., Graup, G., Rocchia, R., and Robin,
E., 1993, Deposition of channel deposits near the Cretaceous-Tertiary
boundary in northeastern Mexico: Catastrophic or “normal” sedimentary
deposits?: Geology, v. 21, p. 797-800.

Keller

Stinnesbeck, W., Keller, G., Adatte, T., Lopez-Oliva, J.G., and MacLeod, N.,
1996, Cretaceous-Tertiary boundary clastic deposits in northeastern Mex-
ico: Impact tsunami or sea level lowstand?, in MacLeod, N., and Keller,
G., eds., Cretaceous-Tertiary mass extinctions: Biotic and environmental
changes: New York, W.W. Norton and Company, p. 471-518.

Stinnesbeck, W., Keller, G., de la Cruz, J., de Leon, C., MacLeod, N., and Whit-
taker, J.E., 1997, The Cretaceous-Tertiary transition in Guatemala: Lime-
stone breccia deposits from the South Peten basin: Geologische Rund-
schau, v. 86, p. 686-709.

Stinnesbeck, W., Keller, G., Schulte, P., Stueben, D., Berner, Z., Kramar, U.,
and Lopez-Oliva, J.G., 2002, The Cretaceous-Tertiary (K/T) bound-
ary transition at Coxquihui, State of Veracruz, Mexico: Evidence for an
early Danian impact event?: Journal of South American Research, v. 15,
p. 497-509, doi: 10.1016/S0895-9811(02)00079-2.

Stinnesbeck, W., Schafhauser, A., and Gotz, S., 2005, Basinward trans-
port of Chicxulub ejecta by tsunami-induced backflow, La Popa basin,
NE Mexico: Comment: Geology Online, September 2005, p. e86, doi:
10.1130/0091-7613(2005)31<e86:BTOCEB>2.0.CO;2.

Stiiben, D., Kramer, U., Berner, Z., Eckhardt, J.D., Stinnesbeck, W., Keller,
G., Adatte, T., and Heide, K., 2002, Two anomalies of platinum group
elements above the Cretaceous-Tertiary boundary at Beloc, Haiti: Geo-
chemical context and consequences for the impact scenario, in Koeberl,
C., and MacLeod, K.G., eds., Catastrophic events and mass extinctions:
Impacts and beyond: Geological Society of America Special Paper 356,
p. 163-188.

Stiiben, D., Kramar, U., Harting, M., Stinnesbeck, W., and Keller, G., 2005,
High-resolution geochemical record of Cretaceous-Tertiary boundary
sections in Mexico: New constraints on the K/T and Chicxulub events:
Geochimica et Cosmochimica Acta, v. 69, p. 2559-2579, doi: 10.1016/
j.gca.2004.11.003.

Swisher, C.C., Grajales-Nishimura, J.M., Montanari, A., Margolis, S.V., Claeys,
P., Alvarez, W., Renne, P., Cedillo-Pardo, E., Maurrasse, F.J.-M.R., Curtis,
G.H., Smit, J., and McWilliams, M.O., 1992, Coeval “Ar/*Ar ages of 65
million years ago from Chicxulub crater melt rock and Cretaceous-Ter-
tiary boundary tektites: Science, v. 257, p. 954-958.

Tantawy, A.A.A., 2003, Calcareous nannofossil biostratigraphy and paleoecol-
ogy of the Cretaceous-Paleogene transition in the central Eastern Desert
of Egypt: Marine Micropaleontology, v. 47, p. 323-356, doi: 10.1016/
S0377-8398(02)00135-4.

Tredoux, M., de Wit, M.J., Hart, R.J., Linsay, N.M., Verhagen, B., and Sellschop,
J.P.F., 1988, Chemostratigraphy across the Cretaceous-Tertiary boundary
and a critical assessment of the iridium anomaly: Journal of Geology,
v. 97, p. 585-605.

Tsujita, C., 2001, Coincidence in the geological record: From clam clusters
to Cretaceous catastrophe: Canadian Journal of Earth Sciences, v. 38,
p. 271-292, doi: 10.1139/cjes-38-2-271.

Yancey, T.E., 1996, Stratigraphy and depositional environments of the Creta-
ceous/Tertiary boundary complex and basal section, Brazos River, Texas:
Gulf Coast Association of Geological Societies Transactions, v. 46,
p. 433-442.

Wang, K., Attrep, M., Jr., and Orth, C.J., 1993, Global iridium anomaly, mass
extinction and redox change at the Devonian-Carboniferous boundary:
Geology, v. 21, p. 1071-1074.

Wignall, P.B., Newton, R., and Brookfield, M.E., 2005, Pyrite framboid evi-
dence for oxygen-poor deposition during the Permian-Triassic crisis in
Kashmir: Palaeogeography, Palaeoclimatology, Palacoecology, v. 216,
p. 183-188, doi: 10.1016/j.palaeo.2004.10.009.

MANUSCRIPT ACCEPTED BY THE SocIETY 10 JuLy 2007

Printed in the USA


http://specialpapers.gsapubs.org/

